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Investigation of Some Rock Avalanches in the Mackenzie 
Mountains 
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ABSTRACT 

The dynamic behavior of a suite of rock avalanches from 
the Mack enzie Mountains is the subject of this research. 
The two objectives of this thesis are: firstly, to document 
field observations from the Nozzle and Rockslide Pass rock 
avalanches; and secondly, to evaluate, modify and calibrate 
a two-parameter hydraulics model for the purpose of rock 
avalanche runout and velocity prediction. 

Field evidence suggests that the initial movement and 
subsequent failure mechanism for many of these rock 
avalanches is a complex combination of sliding, rolling and 
toppling, with progressive disintegration en route. 

An analysis of the morphology of the rock debris at the 
Twin avalanches indicates local velocities ranged between 12 
and 50 m/s based on superelevation and run-up calculations. 
Projectile velocities of between 95 and 118 m/s are also 
Suggested at the Nozzle rock avalanche. 

Koerner's model for snow and rock avalanches has been 
modified to incorporate uplift pressures and initial 
velocity assumptions. The frictional and dynamic resistance 
terms (u,D) in the equation of motion have been related in a 
function termed the characteristic resistance relationship. 
An initial evaluation of this relationship for the Mackenzie 
Mountains rock avalanches does not reveal a significant 
common trend. Model predictions at the Twin avalanches 
match the superelevation data over a wide range of (u,D) 


pairs. 
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Predictive capability with the proposed model was 
evaluated using a number of empirically evaluated 
parameters. Refinements to these parameters give a 
reasonably good match of the model simulations with the 
observed runout distances (within a 4% accuracy) for five of 
the major rock avalanches in the Mackenzie Mountains. This 
would suggest that a judicious choice of resistance 
parameters for mass movements of this type provides a more 
consistent predictive capability than other more empirical 


volume/runout type relationships. 
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...-There's a land where the mountains are nameless, 
And the rivers all run God knows where; 

There are lives that are erring and aimless, 
And deaths that just hang by a hair; 

There are hardships that nobody recons; 
There are valleys unpeopled and still; 

There's a land - oh it beckons and beckons, 


And I want to go back and I will... 


The Spell of the Yukon 


Robert Service, 1907. 
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1. INTRODUCTION 


1.1 General 


Certain types of rapid slope movements such as rock 
avalanches and debris flows are some of the most destructive 
natural geomorphic agents known. Historical accounts from 
Europe, South America, and parts of Asia have recorded great 
loss of life and property due to massive rockslides that 
disintegrated into flowing avalanches burying entire towns 
and valleys. In the Canadian Cordillera, with more people 
living and working in the mountain environment, the risk 
posed to the inhabitants by rapid mass movements will 
increase. Consequently the planning process for land 
development in mountainous areas must take due consideration 
of the Cofenee for such disasters. More frequently the 
question of mobility rather than stability is being 
addressed - how far and how fast would a certain rock mass, 
known to be unstable, travel once failure has occurred? 

A recent study by Hungr(1981) has dealt with the 
dynamic aspects of all types of slope movements, and in 
particular, the rock avalanche phenomena. In a thorough 
review of the literature and extensive laboratory flume 
experiments with granular materials Hungr could not account 
for the apparent reduced frictional behavior exhibited in 
rock avalanches. While a deterministic solution for the 
runout prediction problem would not seem to be easily 


formulated, other semi-empirical approaches do offer some 
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alternatives. It is this aspect of the rock avalanche 
problem which will be addressed in this research. 

Eisbacher (1977,1978,1979) has described a unique 
collection of rock avalanches (sturzstroms) in the Mackenzie 
Mountains of the Yukon and Northwest Territories. These 
apparently dry, very mobile landslides which travelled as 
much as 7 km from their source, on average slopes of as low 
as 7.5°, display no obvious features to explain their 
apparent reduced internal and/or basal resistances. To 
further investigate these avalanches Kaiser and Simmons 
(1980) conducted a short field investigation at the Twin, 
Avalanche and Damocles avalanches. To carry out more 
detailed examinations of the local geology and to 
investigate the mechanical aspects of the phenomena for the 
purpose of calibrating a proposed model, a six week field 
program was undertaken in 1981 by the writer and an 
assistant at the Nozzle, Rockslide Pass and U-Turn rock 


avalanches. 


1.2 Aims of this Research 
Hungr(1981) outlined a method for analysing the 
dynamics of a given type of slope movement. The three steps 


he proposed were: 


hie Define the phenomenon by collecting information about . 
its mode of movement, the type and condition of the 


Material, characteristic dimensions and other special 
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attributes (a phenomenological approach). 

Formulate a boundary and an initial value problem based 
on analytical or physical models to describe the motion 
(a kinematic approach). 

Determine the constitutive relationship for the 
material to be used in the equations of motion (a 
rheological approach). 


This inquiry has dealt with the first and second steps 


(the phenomenological and kinematic approaches) to a large 


extent, while no attempt has been made to define a unique 


constitutive relationship for rock avalanche debris. 


Specifically the two main aims of this research are: 
To document field evidence from the Nozzle and 
Rockslide Pass rock avalanches describing the initial 
boundary conditions, the dimensions, type and structure 
of the pre-movement rock masses and rock debris, the 
mechanical aspects of the avalanche motion, and the 
suggested velocity spectrum as deduced from 
morphological evidence. In addition supplementary 
details from other Mackenzie Mountains rock avalanches 
are compiled and summarized. 

To evaluate, modify and calibrate Koerner's model 
(1976,1980a) for the purpose of rock avalanche runout 
and velocity prediction, with special reference to a 


Suite of rock avalanches from the Mackenzie Mountains. 
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At this point it is worthwhile stating that this study 
was not intended as a regional landslide synthesis or a 
comprehensive evaluation of rock slope dynamics. However, 
for the purpose of thouroughness and to provide the proper 
perspectve a description of the physical environment and the 
host of factors which influence rock stability in the 
Mackenzie Mountains are outlined. The initial failure 
mechanisms which started the masses in motion similarly were 
not a major direction of inquiry, but one chapter has been 
devoted to providing an overview of possible mechanisms. 
Finally, the evaluation of the predictive capablility is 
limited to Koerner's (1976) model and variations thereof, 


although other semi-empirical techniques are possible. 


1.3 Scope of this Thesis 

In Chapter 2 the physical environment in the Mackenzie 
Mountains and a summary of characteristics of rock 
avalanches from this range are outlined. 

Chapter 3, an overview of the initial failure 
mechanisms, examines the evidence for low-friction surfaces, 
pore pressures, roller bearing friction, cliff collapse and 
toppling mechanisms, and failure induced by seismic 
accelerations. A primitive dynamic analysis is performed to 
estimate the initial velocities for six Mackenzie Mountains 
avalanches. 

Specific mechanical aspects of rock avalanche motion 


are addressed in Chapter 4. A brief literature review of 
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physical hypotheses, semi-empirical models and scale 
modelling is followed by an evaluation of the velocity 
spectrum observed or calculated for a group of documented 
avalanches and rockslides. Volume/runout distance 
relationships for the Mackenzie Mountains failures are 
examined and finally a brief overview of morphological 
evidence testifying to the complex rheology of the flowing 
debris is presented. 

In Chapter 5 Koerner's (1976) model for flowing rock 
avalanches is examined and its limitations assessed. A 
computer program, RADA - Rock Avalanche Dynamic Analysis, is 
described and a parametric study is conducted to evaluate 
_the effects of geometric variations, pore pressures and 
initial velocity assumptions. To assess travel path 
variation the Frank Slide was analysed. 

A suite of rock avalanches from the Mackenzie Mountains 
and elsewhere is analysed in Chapter 6. Characteristic 
resistance relationships and velocity profiles for these 
movements,aSSuming single events, are derived and analysed 
and an assessment of the model for predictive purposes is 
conducted. 

Since summaries and conclusions follow each chapter the 
last section, Chapter 7 serves aS a review of the highlights 
of the preceding five chapters. | 

Appendices A and B describe the physiography, 
Stratigraphy, structural geology, detachment zone and the 


rock debris for the Nozzle and Rockslide Pass rock 
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avalanches, respectively. Appendix C contains the velocity 


profiles for the six Mackenzie Mountains rock avalanches. 


1.4 Nomenclature and Definitions 

The names of specific landslides and topographic 
features described in this thesis follow the nomenclature 
used by Eisbacher (1977, 1978, 1979), although many of these 
features have not been given approval by the Canadian 
Permanent Committee on Geographic Names. Numerous rivers 
and mountain groups in some of the scarcely explored parts 
of the Mackenzie Mountains have yet to be named. 

A rock avalanche is defined in the AGI Glossary of 
Geology bates and Jackson, 1980) as "a very rapid downslope 
flowage of rock fragments during which fragments may become 
broken or pulverized... Characteristic features include a 
chaotic distribution of large blocks, flow morphology and 
internal structure, relative thinness in comparison to large 
aerial extent, high porosity, angularity of fragments and 
lobate form." Varnes (1978) used the term 
rockfall-avalanche or rockfall-debris flow for the above 
phenomena, while Hsu (1975) proposes the German term 
sturzstrom. Mudge (1965) suggested the terms 
rockfall-avalanche and rocks] ide-avalanche to delineate 
Origin; however this distinction is not always readily 
apparent. For the purposes of this thesis this particular 
form of landslide will be referred to as a rock avalanche, 


but for reasons of clarity certain parts of the avalanche 
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may be referred to as a Slide, a fall or a flow. Otherwise 
the nomenclature for describing the avalanche debris and the 
initial failed slope will follow Varnes' (1978) terminology 
where possible. Snow avalanches will be specifically 
referred to as such to avoid confusion. 

It 1S readily apparent that some of the terms used in 
this system are inadequate for describing some of the 
features and the flow morphology of certain rock avalanches, 
thus convenient terms will be employed where necessary. 

Some measures of rock avalanche mobility and their 
English equivilents may also be defined. The fahrboeschung 
will refer to the tangent of the travel] angle defined by the 
line which joins the most distal tip of the avalanche debris 
and the top of the crown of the pre-failed mass. The 
pauschalgefalle refers to the tangent of the mean. travel 
angle defined by the line which joins the centres of mass of 
the pre-failed and the rock avalanche debris deposit. 

The area ratio is an empirical measure of mobility 
potential defined as the area beneath the line joining the 
crown and the tip of the debris but above the rock avalanche 
travel path profile, divided by the area beneath the line 
joining the crown and the tip of the debris, but above a 
horizontal line intersecting the lowest point on the travel 


profile. 
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2. ROCK AVALANCHES IN THE MACKENZIE MOUNTAINS 


2.1 Introduction 

Mass movements in the Mackenzie and adjacent Selwyn 
Mountains have not received a great deal of attention in the 
past. Douglas (1953) first noted the existence of a number 
of rockslides in dhe Wernecke Mountains, which lie east of 
the northern edge of the Mackenzies, while conducting a 
regional mapping program. Hughes (1969) has located several 
rockslides in the same region on the northern fringe of the 
Mackenzies near the Snake River, however, they have not yet 
been described. The presence of two enormous rockfall- and 
rockslide-avalanche deposits in the central Mackenzies were 
initially noted by Gabrielse et a].(1973). These 
landslides, at Rockslide Pass and Avalanche Lake, are two of 
the best examples of this type of phenomenon in the Canadian 
cordillera. These events and several others were examined 
by Eisbacher (1977, 1978) and later in his regional 
synthesis of all rock avalanches throughout the Mackenzies 
with volumes greater than 2 x 10° m? (Eisbacher, 1979). 

All of Eisbacher's so-called "cliff collapses" and 
resulting rock avalanches or sturzstroms are confined to 
carbonate formations, most commonly in rocks of lower 
Paleozoic age. Most of these failures have taken place 
Since the last glacial episode on inclined bedding plane 
surfaces ranging in dip from 13° to 40°. Eisbacher (1979) 


makes a convincing case for the contributing role of past 
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earthquake activity for one subset of these avalanches. 
However, this postulate has not been much advanced beyond 
the conceptual stage for the other events. Some of the 
avalanches he studied are curiously located in rather close 
Proximity to each other, forming distinct “clusters. For 
example, the Nozzle and U-Turn avalanches, studied as part 
Olechuspinvestigation, are part of a group of some seven 
large and several small avalanches referred to as the Arctic 
Red Cluster. The key avalanches studied by Eisbacher (1979) 
and in this research are shown on Figure 2.1. The inset map 
shows the location of earthquake epicentres for the period 
1962-1974 (from Basham et a]. 1977, see section 2.2.4) 

The frequency of this type of slope movement has not 
been examined in detail, although Eisbacher (1979) does 
Suggest that some of the avalanches may have occurred at the 
Same time. A chronologic dating of rock avalanche deposits 
was not attempted in this research. However, such an 
investigation could be of considerable value in establishing 
some of the conditions which were critical to the initial 
failure. 

The only other investigation to date of mass wasting 
processes in this region was a study by Gray (1973) of the 
geomorphic effects of snow avalanches and rockfalls on steep 
mountain slopes in the adjacent Wernecke Mountains. A 
variety of other large mass movements including rockslides, 
rock topples, slides in frozen soil, rock glaciers, 


solifluction, debris flows, soil creep, gravitational ridge 
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Figure 2.1 Distribution of rock avalanches in the Mackenzie 
Mountains (from Eisbacher,1979). Inset map of 
northwestern Canada showing location of 
earthquake epicentres for the period 1962-1974 
(after Basham et al].,1977). 
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spreading (Sackung) and other hitherto undescribed movements 
have been observed in the Mackenzies by this writer and some 
of the investigators previously mentioned. Few of these 
features have been documented to date. 

This chapter serves two baSic purposes: first, to 
briefly describe the physical environment in the Mackenzies; 
and second, to summarize some of the pertinent data from the 
six rock avalanches which will be referred to in this study. 
Within the overview of the physical environment, the factors 
which are relevant to slope movements are described under 
the subtitles of physiography, regional geology, climate and 
hydrology, and seismicity. While this study is not intended 
to be a regional evaluation of rock slope stability, this 
information is deemed necessary for a proper framework to 
introduce the two case examples and to develop a suitable 
model for rock avalanche behaviour. Descriptions of two 
rock avalanche deposits - Nozzle and Rockslide Pass - are 
contained in Appendices A and B, respectively. 

Additional field investigations were conducted at 
U-Turn and Concentric landslides by the writer and at Twin, 
Damocles and Avalanche Lake landslides by Kaiser and Simmons 
(1980). Because it is felt that the features relevant toa 
dynamic analysis are apparent at both the Nozzle and 
Rockslide Pass avalanches, no attempt will be made to 
identify and describe in detail features from these other 
landslides. Readers are referred to Eisbacher (1977, 1978, 


1979) and McLellan ‘and Kaiser (1983). 
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2.2 Physical Environment 


2.2.1 Physiography 

The Mackenzie Mountains lie directly to the east of the 
Yukon-Northwest Territories border and are bounded by the 
Selwyn Mountains to the west, the Mackenzie Plain to the 
east, the Peel Plateau to the north and the Liard Plateau to 
the south. This large mountainous area is Subdivided into 
two main divisions - the Backbone and the Canyon Ranges - 
which are further subdivided into several subordinate ranges 
(Bostock, 1970). 

The terrain in the Mackenzie Mountains is typified by 
uplands with steep, often cliff-forming slopes in the 
valleys, and plateau areas with slightly subdued mountains, 
flat drainages and gentle ridges. The sharply sculptured 
mountains in the highland areas reflect an extensive period 
of alpine glaciation. A number of scattered small glaciers 
and rock glaciers still remain in the more rugged Backbone 
Ranges which rise to heights of up to 2590 m. Local relief 
within the mountain valleys dealt with in this study is 
typically between 800 and 1000 m. 

There are seven major rivers which drain this area to 
the Mackenzie River and eventually the Arctic Ocean: the 
Keele, Radeeouer Nahanni, Mountain, Gayna, Arctic Red and 


the Snake. 
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2.2.2 Regional Geology 

The bedrock geology of the Mackenzie Mountains is only 
known at a reconnaissance map scale of 1:250,000. The areas 
which have been covered by this study have been mapped by 
Gabrielsesetiali(19732,4980)5 Aitken: and: Cook» (.1974), 
Blusson (1974), Norris (1975) and Aiken et a].(1982). Three 
stratigraphic sequences have been distinguished: quartzites 
and carbonates of Helikian age; sandstones, shale and 
conglomerate of Hadrynian age; and the youngest sequence of 
platformal carbonates grading westward into thinly bedded 
carbonates and baSinal shales of Lower Paleozoic Age. The 
platform facies is characterized by limestone and dolomite 
occasionally with cherty or slightly arenaceous interbeds. 
Most of the rock avalanches cited in previous studies occur 
in Paleozoic age formations: the Cambro-Ordovician Broken 
Skull Formation (or Franklin Mountain Formation) and the 
Ordovician-Silurian Whittaker Formation (or Mount Kindle 
Formation) (Eisbacher, 1979). Quartzites, thinly bedded 
carbonates, shales and sandstones tend to fail as slumps or 
form talus blankets (Gabrielse et al]., 1973). 

Numerous thrust faults and associated imbricates of 
Laramide age characterize the overthrust Paleozoic strata 
which have been broadly folded. The regional trend of 
thrust faults and folds 1s predominately northwest-southeast 
with fault and fold axial planes dipping southwest. In the 
southern Mackenzies the strata are folded into a number of 


narrow, sharp crested, double plunging, faulted anticlines 


° ' t w 
7 7 a i 


ylto ai anissnuoM si ‘easton ata) Me - x a doors 
assis of? 00 ww OFfit fo ateos nan sodace! < Bite co 

ed heaqem dead sad ed ybuse 2ias | es sersvc ) hs 
ei oia  Peue! eres Nee 15 el: 


(Re Fe-medea fea (S9e07 ry: 21) aoeac 


a at - 7 ewes = tue = - by OSS 7% . - “ : 
7 ¢ 7 J : 

. _* * . -— 2 Pee a1 5 « aie ia ae , aah .< ; ( 

a3 TS IIa : - sey 5b feaa av7nf 2afd aia > aye itt @: 3 : 


ws 


+ = rz MIO Te ~ Tie ee okt) ra EL 
8; esi 3 forte eas neinTy’ 
eh Le fit : stawjeee parcoeie 22 
as 
” « a ¢ = Ros ay af 
= o a het J+ a 2 . tp tame ao ® *-& i. + 
+zmea Sat tz cavel wg Bex lresTtosTece 
os ce _ p= . r —- Ts 
‘ « “ 2 i; ‘i * i 4 ip Le pa? | ld A 
he: i:buse aueivexg a ip esfoasian 
fi i. r * inp - 
¢ ; . 2 6 - ¥ bad 3 o fe Te ? $ SHIces Sie ids 
baw tacit 7 Siso% 4t33nR00M @tixrwssa te) aagt aaa a fft 835 
OM be 
°¢é +7 , ® - | min i f om ,  < * VW on — 
esihinik jnuaokh tH) aol samsod iusteattink natastiz-act 2iIvOnT 
a 
r * = * - mn o * 5 
hathired | ¥ id? .6 epee. «tess 
a Fi 
> ceninse j 3+ Bawt gehet2on 
lg a + " waut 
tEFOt era ess 
i a ~ f oe all & 7 @ * 
‘ia £2 si3dwi oedaisccees pag £3 
jet: toscs ist 5 padizeve git ssi7s 
-_ sl — — aie “fg = aa f 
10 Ane rst -tetereest ote 4S Lot socal 
sasersios "ASowasst ION » fever tmetes 1) ak iaites sit 
ot 
= 
sic. nl vieasisaes. gt eargtie- ¢ eamelg: Satan nt 
i, 


a ‘ ~~ 


to isd 2 OfnE pair £9) ace ataste.: bay = 


i 


sett iscrns baa ened meee a CS ae 2 bese a 
ve = 


a = Pane 
oiilee aaa te ‘hoy 


and broad, flat bottomed synclines (Aitken, 1972). The 
development of this regional structure was facilitated by a 
kinematic detachment at three separate levels in the 
sedimentary succession (Aitken et a/]., 1982). 

The surficial geology of the Mackenzie Mountains has 
not yet been mapped at the reconnaissance map scale. Air 
photo interpretation and scattered observations by Wheeler 
(1954) and others were the basis for Prest et a].(1968) 
labelling almost the entirety of the Mackenzies as a region 
of "limited glacial activity". Surficial geology maps at 
the 1:250,000 scale have not been produced for either of the 
two rock avalanche areas studied in this research. However, 
some comments on the recent glacial history in the Rockslide 
Pass area are made by Gabrielse et a].(1973). Ford (1976) 
has shown epaecee for nidibiple glaciation in South Nahanni 
National Park in the southern Mackenzie Mountains, as well 
aS a central region between the maximum extent of 
Cordilleran and Laurentide ice, which was apparently 
unglaciated. Hughes (1969, 1972), Hughes et a].(1969) and 
Monroe (1973) have made important contributions to the 
mapping of complex glacial sediments which lie immediately 
to the north and west of the northern extremity of the 
Mackenzies. In a large mapping project associated with the 
Mackenzie Valley pipeline investigation, several 1:250,000 
scale map sheets lying north and east of the Mackenzies were 


compiled by Hughes et al].(1973) and Rutter et a].(1973). 
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In the northern part of the Mackenzies there have been 
at least three advances of Cordilleran ice, the latest 
culminating in late Wisconsin time (Hughes, 1972). In this 
latest advance ice moved northward from confined valleys 
towards the Peel Plateau. Strong and recurrent alpine 
glaciation is suggested by the extensive cirque development 
at higher elevations in this area. The exact margins of the 
Cordilleran and Laurentide ice masses during the late 
Wisconsin in this vicinity are in some dispute at present. 
However, it is likely that some areas were only slightly 
affected by glaciaton, if at all (Rutter, 1982). The 
maximum extent of late Wisconsin valley glaciation in the 
Mackenzie Mountains probably occurred in the interval 
between 10,000 and 12,000 years ago. 

There are several glacial deposits of various ages 
throughout the interior of the Mackenzies. Subdued terminal 
and lateral moraines occupy many valleys, although thick 
moraine deposits are not found at higher elevations, at 
least in areas reconnoitered in this study. Glaciofluvial 
deposits, alluvial fans and active floodplains characterize 
the wide valleys of the major rivers. Mass wasting, 
mechanical weathering and cryoturbation have masked large 
upland areas with a mantle of colluvium. As the Mackenzies 
lie in the zone of discontinuous permafrost such features as 
solifluction lobes, stone circles and stripes, mud boils and 
peat palsas are also common. More details on these deposits 


and related features may be found in works by Hughes et 
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al.(1973) and Rutter et a].(1973). 


2.2.3 Climate and Hydrology 

Precipitation in the Mackenzies averages around 
300 mm/yr (Eisbacher, 1979) , although greater levels up to 
750 mm/yr, occur in central Backbone Ranges closer to the 
Yukon-Northwest Territories border (Burns, 1973). This 
probably does not have a severe effect on the stability of 
the well-drained jointed carbonate rock masses in the area, 
although peculiar drainage circumstances are possible. Very 
intense rain storms of short duration (10-15 minutes) 
infrequently occur in the highland areas. 

The author has had the opportunity of inspecting the 
effects of such a very local cloudburst near the U-Turn rock 
avalanche. During a severe thunderstorm an intense local 
rainfall in a drainage basin of less than two square 
kilometres in area, gave rise to a muddy debris torrent 
which moved rapidly down a narrow stream bed, splashing 
muddy sediments to several metres height on either side of 
the channel. The possibility of such intense storms 
creating high cleft water pressures, if but only 
momentarily, cannot be ruled out. 

Most preciptation is confined to either subsurface or 
surface drainage courses, although extensive bog and fenland 
areas are developed in some localities. Colluvial and 
morainal deposits along the mountain sides are mainly 


free-draining. 
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The mean annual temperature in the northern part of the 
Mackenzies ranges from about -7°C to -9°C in the valleys 
(Oswald and Senyk, 1977). Permafrost is prevalant 


throughout large parts of this area. 


2.2.4 Seismicity 

Knowledge of the seismicity of northern Canada, and the 
Mackenzie Valley in particular, has been greatly advanced 
with the installation of a number of new seismograph 
Stations in the late 1960's and early 1970's. Relevant 
seismic data for the Yukon Territory and the Mackenzie 
valley have been compiled by Stevens and Milne (1973), and 
Leblanc and Hasegawa (1974) in association with 
investigations related to the proposed Mackenzie valley 
Pipeline. Basham et a]. (1977) present a concise review of 
seismicity in northern Canada with.several more years of 
records. Most of the following comments have been drawn 
from the latter publication. 

As sshown ron ‘Figure /2.19laitersBasham-et 47% 7°1977) 
there is a significant cluster of earthquake epicentres 
located near the Yukon-Northwest Territories border, roughly 
corresponding to the Richardson and Mackenzie Mountains. 

The most significant concentrations are located north and 
south of the Peel River, with a more diffuse scatter of 
points to the southeast along the length of the Mackenzies. 
Several of the earthquakes within the Mackenzies registered 


between 5 and 6 on the Richter magnitude scale. 
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Based on the conspicuous matching of this epicentre 
concentration and those areas with the heaviest fault 
incidence, Basham et a]. (1977) have reasoned that these 
events are associated with reactivation of movements along 
structures of Paleozoic or later age. 

Elsbacher (1979) presents a remarkable report of a 
fault scarp within surficial sediments from the Split Valley 
area in the central Mackenzies and the high rock avalanche 
incidence in the immediate vicinity. It is probable that 
Similar features exist at scattered locations throughout the 
Backbone and Canyon Ranges. 

It is difficult to speculate on the frequency of 
movements since the last glacial episode, but it is 
reasonable to suggest that this high level of seismicity has 
been present for some time, and that earthquake events of 


even greater magnitude (M>6) have occurred in this area. 


2.3 Summary of Rock Avalanche Characteristics 

Eisbacher (1977,1978,1979) has reported observations 
from 10 major and several smaller rock avalanches found 
throughout the Mackenzie Mountains. For the purposes of 
this research three of these avalanches - Rockslide Pass, 
U-Turn, and Nozzle - were examined in the field by the 
writer. At U-Turn there were actually two separate events 
in different rock types but only the upper larger avalanche 
will be examined. North and South Twin, and Damocles 


avalanches were visited by Kaiser and Simmons (1980). In 
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this section pertinent information from these six events, 
which will be later analysed, are summarized in table form. 

Table 2.1 lists the geographic coordinates, the volume, 
the rock formation which hosts the failure, its lithology, 
and some special features of the six rock avalanches. The 
volume estimates were calculated using the best available 
airphotos, 1:50,000 scale topographic maps and field 
measurements except at Damocles where field survey 
measurements alone were used. Details of the stratigraphy 
were obtained by the writer in field investigations and from 
previous work as described in section 2.2.2 on regional 
geology. The brief list of special features was compiled 
from Eisbacher (1979) aad field work by the writer (see also 
Appendices A and B for more details on the Rockslide Pass 
and Nozzle rock avalanches). 

In Table 2.2 pertinent measurements of mobility and 
other geometric indicators are summarized. The mean bedding 
plane inclinations, as found in field investigations by the 
writer, Kaiser and Simmons (1980), and Eisbacher (1979), do 
not necessarily represent the mean inclinations of the 
BUDEUre=surtaces.” “Rather, chese measurements have been 
obtained only from those parts of the failure surfaces which 
were exposed and accessible. Departures from these values 
are possible depending upon the degree of stepping or 
roughness, which remain largely uncertain because of talus 
cover. The fahrboeschung, the travel angle, the total 


horizontal travel distance, the total elevation loss, and 
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the area ratio for these events were determined from field 
and topographic map measurements. The estimated vertical 
and horizontal error margins for these meaSurements are 20 m 
and 150 m, respectively. Their significance is discussed in 
sections 4.2 and 4.4. As a point of note, an optical 
rangefinder was used for survey meaSurements and was found 
meoyprovidensufficientsaccuracy) forjdateryanalysis.7)) The); 
device was most useful in the rough, undulating rock debris 
terrain where normal measurements with a tape were 
mmpractaca li; 

No syStematic effort was made to date these avalanches, 
mainly due to the difficulty in procuring samples for 
radiocarbon analysis. At no location where the rock debris 
was exposed in cross-section was Organic material observed. 
Some indication of the age of the avalanche deposits can be 
obtained from measuring the maximum diameter of certain 
lichen species. Only at the U-Turn avalanche, where a bed 
of sandstone was part of the original failure block, could 
this technique be used. An extrapolation of a growth curve 
developed in Southern Alaska (Calkin and Ellis, 1980) would 
Suggest that the lichens growing on these strata were 
between 2,000 and 5,000 years old. This must be treated as 
largely uncertain since the growth curve may not be 
appropriate for the conditions at U-Turn and the exact 
lichen species could not be easily determined. Further work 
to sort out the chronology of rock avalanche activity in the 


Mackenzies would be most useful. 
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3. INITIAL MOVEMENT MECHANISMS 


3.1 Introduction 

Since the purpose of this research is to examine some 
dynamic aspects of a select group of rock avalanches from 
the Mackenzie Mountains, there must be some consideration 
given to the mechanics of the initial movements. This is 
important for two main reasons: first, the insights into how 
these masses initially began to move on such shallow bedding 
planes are crucial to understanding the mechanics of the 
subsequent flow; and second, reasonable estimates of the 
initial velocities of these rock masses are critical for the 
calibration of a model for predicting the velocity of an 
avalanche at points along its travel path. These aspects 
will be explored in greater detail in the succeeding 
chapters. The purpose of this section, however, is not to 
present an in-depth examination of the initial movement 
mechanism at each slide, but rather, to review a range of 
possible factors which, individually or collectively, may 
have been responsible for the onset of movements. 

The essential question one must ask for a number of the 
rock slope failures in the Mackenzies is: How can a thick, 
presumably dry, jointed, blocky, rock mass move down a 
bedding plane at inclinations less than the reported 
ultimate friction angle for these materials? Without firm 
evidence for the existence of low friction surfaces Such as 


Shaly or pelitic interbeds, or for uplift pressures, some 
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alternative mode of failure might be dominant. Perhaps a 
more elaborate mechanism including elements of sliding, 
toppling and rotation, with disintegration enroute, would be 
more appropriate. Analytical techniques for simulating this 
kind of behaviour are not particularly advanced, although 
Romero and Molina (1974) and Hammett(1974) do offer 
Simplified models for a continuously deforming rock mass. 
More complicated geometries may be modelled by the Distinct 
Element Method (Cundall, 1976) which can simulate the 
interaction of a large number of rigid blocks. 

Rather than develop such a model for initial boundary 
conditions which are largely uncertain, evidence for the 
existence of low friction surfaces and the presence of pore 
pressures will be examined. Alternative failure modes such 
as Eisbacher's (1979) roller-bearing friction, cliff 
collapse, or toppling-sliding mechanisms, and lastly, the 
effects of intense seismic shaking are discussed. A 
Simplified dynamic analysis of the initial failure for 
several geometries from the Mackenzie Mountains, using some 
of the aforementioned models, is presented for comparison 


purposes. 


3.2 Low Friction Surfaces 

Low friction surfaces have not been observed in limited 
field observations by the writer, Kaiser and Simmons (1980), 
or by Eisbacher (1977, 1978, 1979). The absence of 


interbeds of shale, gypsum or similar lower friction 
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materials is largely conjectural, since the basal portion of 
the failed mass cannot uSually be observed and the flanks 
adjacent to the failure surface are often well covered by 
talus. For the most part, in the limited exposure of the 
bedding on the rupture surface there is a lack of striations 
Or gouge marks often associated with the movement of large 
rock slide masses. This may not be all that surprising, 
given the apparent rapid rates of weathering characteristic 
to. the carbonate rocks of the area. Because of the very 
restricted exposure at Nozzle, U-Turn and Rockslide Pass it 
was not possible to evaluate the local roughness of the 
rupture surface, hence it 1S not possible to estimate a 
relevant 1 angle. From geometric considerations, however, 
it is most likely that the failure surfaces at Rockslide 
Pass, Damocles and probably Lower U-Turn contain stepped 
surfaces in the vicinity of the back failure scarp (e.g., 
see cross-section, Figure B.3). 

The existence of cohesion c along the bedding planes 
within the failure zone cannot be ruled out. Terzaghi 


(1962) has suggested: 
c= c; Ag/A CECI sar3 «:1:) 


where cj is the cohesion of the rock substance, and Ag/A is 
the proportion of the potential rupture surface over which 
the discontinuity is not present, and the rock substance 


remains intact. While the cohesion of the rock cj; could be 
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approximated as the tensile strength, there is considerable 
difficulty in evaluating the Ag/A ratio. Other problems 
exist in evaluating a relevant cohesion value for analysis 
(Krahn, 1974; Cruden, 1975), hence the usual procedure in 
Slope stability is to assume it to be a negligible resisting 
force. Pariseau and Voight (1978) have also shown there is 
a scale effect on cohesion; a relatively thin slide mass 
will exhibit a lower total cohesive resistance to sliding 
than “a thick crock»mass;» Progressive failure - essentially a 
displacement dependent cohesion - could also be introduced 
(Pariseau and Voight, 1978). 

Since a rational basis for evaluating the role of 
cohesion in oe omen iees in blocky carbonates has not been 
demonstrated, and because of the limited field exposure of 
the rupture surfaces the conservative procedure used here 
for a simple dynamic analysis will be to assume zero 
cohesion. 

At Nozzle slide there is some evidence for a thrust 
fault or possibly flexural slippage along bedding planes as 
discussed in the previous chapter. While this must be 
construed as somewhat speculative, it has been demonstrated 
by Cruden and Krahn (1978) that this style of deformation, 
commonly associated with the Rocky Mountains (Dahlstrom, ~- 
1970), is responsible for the reduction of the peak to the 
ultimate friction angle and the loss of some cohesion along 
bedding and fault surfaces. The presence of the reddish 


brown mineralized karstic dolomite breccia along the east 
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flank of the dip slope at Nozzle may be significant as well. 
If this unit was continuous beneath the failed slope, as 
part of, or associated with a fault surface, then the 
failure may have taken place along a structurally weakened 
shear zone with, or without, pore pressures. The presence 
and subsequent effects on stability of water bearing karstic 
Strata in Several large landslides outside of this study 
area may have been overlooked by previous investigators 

(D. Cruden, personal communication). 

Mapping near the rupture surface of the U-Turn slide 
did not reveal a ubiquitous low friction surface, although a 
Similar, brecciated dolomite as found at the Nozzle slide 
was noted on the west flank of the rupture surface. In 
limited field observations at the Lower U-Turn, Rockslide 
Pass, and Damocles Ea aecano so dene was found for a porous 
karstified unit nor for reduced friction surfaces to 
facilitate sliding on shallow slope angles. 

The reduction of the peak friction angle to the 
ultimate friction angle in shearing along discontinuities in 
rock occurs when the deformation can continue essentially 
with no change in shearing resistance, at least on a scale 
of displacement larger than the asperities or the resulting 
discontinuity (Krahn and Morgenstern, 1979). Values of the 
ultimate friction angles for various discontinuities in 
carbonate rocks have been compiled by Krahn (1974) and 
Coulson (1970). Krahn presents shear test results from 


bedding, joint and flexural slip surfaces from the Frank 
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Slide. The ultimate friction angle tested on bedding planes 
was 32° while much lower values of 14° and 15° with cohesion 
intercepts were reported for the joint and flexural slip 
surfaces, respectively. These lower values may reflect the 
test procedure to some extent and are not likely to be 
representative of an operative frictional resistance for 
bedding plane movements because of the existence of cohesion 
and surface roughness. Theoretically, one would expect to 
observe rock slides on rupture surfaces dipping at angles 
Slightly greater than peak angles of friction - 30 to 45 
degrees - as has been noted by Cruden (1976) for major rock 
Slides in the Canadian Rockies. This is not the case for 
several of the rock slides from the Mackenzie Mountains. 

The case for a change in the nature of frictional 
Shearing at high velocities or high normal loads has been 
advanced by several writers (see Literature Review, 

Section 4.2). In the context of carbonate rocks, Erismann's 
(1979) lubrication by COz gas is perhaps a more plausible 
mechanism than his frictional heating postulate. Crawford 
and Curran (1981) have verified the rate-dependent behaviour 
of rock joints for certain lithologies, although tests on 
dolomite from the Lockport Formation, Ontario showed 
different: behavior. Shearing was initially proportional to 
the shear velocity, which was followed by shearing with a 
constant, velocity-independent resistance. Additional 
experimental evidence at higher shear rates (greater than 1 


m/s as used by Crawford and Curran, 1981) would be needed to 
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assess the hypothesis for friction reduction on rupture 


surfaces in the Mackenzie Mountains. 


3.3 Pore Pressures 

Limited field evidence suggests that pore pressures 
could have been present at the Upper and.Lower U-Turn slides 
and possibly at the Nozzle and Rockslide Pass slides (see 
Figure 3.1). Significant amounts of seepage were noted on 
their rupture surfaces. The observed seepage locations and 
the exposure of the mountains on several sides implies that 
the pore pressure distributions may have been quite variable 
across the rupture surfaces at the onset of movements... In 
fact, the rupture surfaces at U-Turn, Nozzle, Damocles and 
Twin slides are located on truncated, bedding plane 
controlled ridges with at least two exposed flanks. This 
might suggest a reduction in pore pressures in the vicinity 
of the initial failure, although the magnitude of this 
effect is highly uncertain. 

It might also have been possible for pore pressures to 
build up at the toe of a potentially unstable rock mass in a 
periglacial environment. This could be accomplished, for 
instance, by the decay of high-level permafrost in the slope 
or by impeded drainage due to permafrost in the lower 
portion of the slope (D.Cruden, personal communication). 
Even if climatic conditions at the time of these avalanches 
were found to correspond to this type of environment, it 


would still be most difficult to confirm such a hypothesis. 
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Figure 3.1 Seepage along the 
rupture surface (dip = 28°) 

at Lower U-Turn slide. Note 
the stepped failure surface in 
the backscarp area. 


Figure 3.2 Two different modes of failure above inclined 
bedding planes. (a)sliding block model (u = tan 
30°) (b) seismically induced condition of basal 

"roller bearings"(dynamic friction) (after 
Eisbacher,1979). 


a 


som Apo SS paras 
oitifnes enuhad - 
ncitsiay oisenyd)™ ao 


'-f 
4 «- ral : Ce | 
2 3. sepes 
| are | J f hed 
, ' i] : 5 
ey y OsBasS Mu 


; 
‘ “¥ 
» ~-« “2: rv 
et ttl 
ee? ae os 
: me ms 
near : 
F Pa 
= ee ae 
» ; a ae 
a es La hn re 
a Ge oe 
- i ee 
a. 
eee | 
- oe oe te 
te Ag 
. thy — 
ss 
4 
a 
‘ Iu 


AR°et sedpede:a - 
» 2 —— 


a" Pee ae ms a, oe a 


31 


A fluctuating water pressure due to seasonal runoff 
variations could also have the effect of inducing 
progressive failure in a similar manner as would periodic 
blasting. After a sufficient number of brief displacements 
due to quick pore pressure buildup and release, the 
cumulative effect makes the mass vulnerable to catastrophic 
failure (Pariseau and Voight, 1978). This hypothesis would 
also be most difficult to confirm or deny without a record 
of movements for a rock slope in similar surroundings. 

Finally, it should also be noted that pore pressures 
need not be solely due to water. As will be discussed in 
the review of possible rock avalanche mobility mechanisms 
(Section 4.2), pore pressures due to steam or other gases 


are theoretically feasible under certain conditions. 


3.4 Roller Bearing Friction 

Roller bearing friction has been advocated by Eisbacher 
(1979) to explain the anomalously low failure slope angles. 
He has claimed that in the collapse of a mountainside on a 
gently inclined bedding plane, the disintegrated rock mass 
is carried forward by the rotation of joint bounded blocks 
in the basal rupture zone (see Figure 3.2). Furthermore, 
the rotational movements in the basal zone coincide with 
crushing and comminution of the constituent blocks. Hence 
the coefficient of internal friction is reduced from a 
static value of about tan 32° to a rolling friction of 
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postulates that this basal zone of initial breakage and 
grinding may be several tens of metres thick. 

From the mechanics point of view the analysis of this 
form of motion could be approximated by the rolling cylinder 
model as described by Pariseau and Voight (1978). Initial 
Shearing is followed by rotation of small blocks in the 
basal zone while the bulk of the mass remains intact. The 
lead block must topple forward so that the nose is. eroded 
(see Figure 3.3). The acceleration a of a block riding on a 


rolling cylinders is simply: 
ae=-f£-g sing Cen S274 


where f£ = (1 + w/2W)(1 + 3w/8W), w is the cylinder weight 
and W is the weight of the block supported by the cylinder. 
Thus the block's acceleration may exceed gravitational 
acceleration since f ranges from 1.0 (small cylinder) to 
1.33 (large cylinder). In fact, providing the cylinders 
remain independent, the body accelerates regardless of the 
value of f or the slope angle 8B. 

Clearly this simplistic approach is inappropriate to 
analyse the onset of movement in some of the rock masses 
examined in this study. While the high acceleration and 
velocity predicted by the model may offer some insight into 
the apparently rapid movement of the rock mass after 
displacements have occurred, the central problem of the 


initial limiting static equilibrium of the mass on low slope 
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Figure 3.3 Rolling cylinder model of a rockslide. (a) 
Initial shearing (b) Large rotation with 
continued shearing (c) Continued motion with 
front erosion (d) Cylinder and riding block model 
(Pariseau and Voight, 1978). 
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angles remains unresolved. 

There is field evidence in a few cases to substantiate 
the apparent rotation and comminution of the blocks in the 
basal portion of the failed rock mass. Eisbacher (1979) 
reports the forward rotation of blocks above the bedding 
planes at Triple slides and the writer has noted some loss 
of material from the base of blocks left on the failure 
surface of the small failure adjacent to the Rockslide Pass 
Slide. Similarly, it would appear that a large portion of 
the "ramp" area at Rockslide Pass consists of the upper 
portion of the mountainside which collapsed, consequently - 
Suggesting the removal of much of the stratigraphic 
Succession from the original lower slope. This hypothesis 
cannot be conclusively verified without recourse to detailed 
stratigraphic evidence from within the debris. Eisbacher's 
(1979) observation of the "red rim" at the distal portion of 
the debris does not necessarily represent the basal portion 
of the initial rock mass (see Appendix B) and there is other 
evidence (see Chapter 4) of more complex motion in the 
debris which is incompatible with a roller bearing or 
cylinder friction model for a large part of the entire 
avalanche. 

A further difficulty with the model is the actual 
physics of how a thick, disintegrating, blocky, shear zone 
may exhibit a reduced coefficient of friction for a short 
time period, if even that, because of the seizing of the 


blocks within the zone. Without a means for removing the 
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comminuted material within the shear zone, rolling motion as 
depicted in Figure 3.3 is not possible because of the close 
contact maintained between adjacent blocks. The motion 
would become simply equivalent to the sliding of a block 
upon a frictional granular material with a normal friction 
coefficient of about tan 32°. 

The above problems with the roller bearing friction 
concept might be resolved by experimental modelling and/or a 
theoretical study of the mechanics of shearing in a blocky, 


progressively comminuted rock mass. 


3.5 Cliff Collapse, Toppling Mechanisms 

Eisbacher (1979) used the term "cliff collapse" to 
refer to a slope movement where the mass above the rupture 
surface has undergone extensive internal disintegration 
prior to failure. He cites the Dammocles avalanche as an 
example of such a process. However, an extension of this 
mechanism to the other avalanches detailed in this study 
would be presumptuous. The mechanics of the motion of the 
rock mass has been previously described under the "roller 
bearing friction" concept, but it might be more appropriate 
to link this style of movement with the toppling mechanism 
as initially elucidated by De Freitas and Walters (1973), 
and later by Goodman and Bray (1976), and Hoek and Bray 
(497A) « 

Alternatively, it was initially suggested by Mueller 


(1968) and furthered by Hammett (1974) that a favourable 
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geometric configuration and block size is conducive to 
producing a progressive collapse-type mechanism. For the 
right conditions it is possible for a large blocky rock mass 
to create the required stresses which can lead to 
accelerated movemnts. Further pursuit of this topic and its 
applicability to the initial movement stages for these 
avalanches would seem to be a promising direction of 
PnguILy. 

The first movements in these slopes probably began in 
weakened rock created during oversteepening of the slopes in 
the last glacial episode. Mollard (1977) presents a 
convincing case for the formation of rock avalanches due to 
glacial erosion which deepens and oversteepens the mountain 
valley, followed by retreat and stress rebound in the 
mountain sides. Gerber and Scheidegger (1969) predicted 
states of tension or compression in the summit areas of 
mountain masses. The result of these endogenetic stresses 
in the vicinity of mountain scarps is to reduce strength 
along discontinuities in the rock mass and consequently 
displacements may begin. Progressive deformation of the 
mass further reduces the shearing resistance along 
discontinuities and may change the geometric configuration 
of the slope. A catastrophic failure may result when 
resisting forces pe eoneawaes than the driving forces within 
one or more parts of the mass. 

Of course it is impossible to examine the configuration 


of the pre-failed slope at any of the examples described 
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here, but some valuable insights may be gained from 
observations of the proximal parts of the avalanche deposits 
and from adjacent slopes. Of particular interest is the 
small slide on the flank of the large failure at Rockslide 
Pass. This rather unique feature occurred on a slope 
dipping aGulonato i, “Omeaeeansinclination very Similar to 
the 14° slope on which the major failure took place (see 
Figure 3.4). No evidence exists for the presence of a low 
friction material in the basal portion of the mass. 
Apparently the block initially moved down the slope on a 
discrete shear zone undergoing progressive disintegration 
enroute. Several large blocks were left on the upper part 
of the rupture surface, some of which have lost a portion of 
their base. Further downslope, where the bulk of the mass 
has come to rest, there is an interesting pattern of 
- disintegration. The upper end of the mass displays a 
network of cracks which become progressively larger and more 
frequent towards the end of the block until the entire mass 
becomes disintegrated. Metre size blocks seem to have 
Shaken from their position and spread in an arcuate pattern 
about the end of the block (Figure 3.5). Some blocks have 
travelled up to 400 metres at right angles to this point, on 
surfaces sloping at inclinations less than 10°. 

It would therefore appear that this disintegrated rock 
mass may represent a small scale version of the dynamics 
involved in the adjacent larger avalanche. It appears as if 


the frozen-in-motion look could reflect the inability of the 
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Figure 3.4 View of the failed rock mass at the small slide 
south of the main failure at Rockslide Pass. 
Note the fragmented nature of the failure block 
and the presence of several smaller blocks on 
the 17° rupture surface. 


Figure 3.5 Progressively disintegrated failed mass on the 
rupture surface at Rockslide Pass. Note the 
degree of dilation in the block increases . 
- to the right where meter size blocks appear 
to have been shaken from their position. 
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block to attain a certain threshold energy whereby it would 
disintegrate completely. Obviously a combination of 
different modes of movement is relevant here: shearing and 
rotation within a discrete zone, proceeded by gradual 
dilation involving rotation, toppling and sliding motions, 
ending with a total disintegration of the mass into a blocky 
Gebris stream. 

Very few cases of this type of slope movement can be 
found in the literature. De Freitas and Walters (1973) 
report an example of toppling from Nant Gareg-Iwyd in the 
United Kingdom which does bear some resemblance to the dip 
slope movements in the Mackenzie Mountains in that it” 
displays dilation features and suggests a rapid downslope 
movement without developing into a debris stream. Basal 
shearing would not appear to be present, however. 

From an analysis point of view the initial motion of a 
rock mass undergoing simultaneous fragmentation would be a 
difficult problem to model. Cundall: (1974, 1976) has 
developed an interactive graphics package to simulate the 
motion of a fragmented rock slope where two assumptions are 
made. Firstly, each fragment of the mass is a rigid body of 
known geometry and, secondly, the nature of the forces 
between blocks is known. While these two criteria would be 
hard to satisfy for the given geometries in the Mackenzie 
Mountains avalanches, the technique does offer an analytical 
tool for predicting velocities and accelerations in the 


initial phase of a rock avalanche. Refinements could also 
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allow for additional effects such as pore pressures or 
seismic accelerations. The application of this method to 
the cases presented here is beyond the scope of this 


research. 


3.6 Seismic Accelerations 

Seismicity has most certainly affected slope stability 
in this part of the Yukon and Northwest Territories. Basham 
et al.(1977) have shown the Mackenzie Mountains to lie 
within a zone of moderate earthquake activity. Not 
Surprisingly, the concentration of northwest trending and 
southwest dipping thrust faults in the area south of the 
Peel River, aS mapped by Norris (1972), roughly correspond 
to that area encompassing the Twin, Triple and Arctic Red 
cluster of rock avalanches. Leblanc and faseuava (1974) 
have superimposed on Norris's map the location of epicentres 
from seismic events recorded in 1972 experiments associated 
with the Mackenzie Valley Pipeline investigation. The 
matching of earthquake epicentres and the known fault 
network within the area is remarkable, although the exact 
nature of this correlation has yet to be explored. Even 
more interesting is the close proximity of many of the rock 
avalanches, e.g. Twin slides, to these epicentres. 

Further south in the central portion of the Mackenzies, 
Eisbacher (1979) reported the existence of a Holocene age 
fault scarp in the same proximity as the Split Valley 
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genuine earthquake induced fault rather than a slump or 
settlement feature, and the nearby failures can be dated 
from the same time interval, then a good case can be made 
for linking the two events. While similar offsets in 
Surficial materials were not observed by the writer in field 
work of 1981, a unique feature of possibly analagous origin 
was noted in a few localities near the U-Turn rock 
avalanche. On two adjacent mountain crests the structure of 
the bedrock would suggest an intense shaking has occurred; 
wide gaping cracks separate most of the blocky mass. This 
feature waS not noted everywhere in the area and seems to be 
limited to exposed pinnacle or horn-like mountain crests 
which would receive intense shaking in a seismic event. 
Eisbacher (1979) also reports similar precariously perched 
blocks above a dilated rock mass at Damocles slide. 

The role of earthquakes as a trigger mechanism for rock 
slides has not been given a lot of attention in the 
literature. Obvious examples where seismic shaking 
precipitated catastrophic avalanches have been reported 
(Hadley 1964; Griggs, 1922; Plafker et a]., 1971, Cluff, 
1971) but the large uncertainties lie in the area of 
predicting the effects of seismic accelerations on rock 
slopes. Solonenko-(1977) has reviewed the topic of 
Seismogenic landslides and concludes there are three main 
reasons for the change in the stability of rock masses 
within earthquake zones. Firstly, seismic accelerations and 


the resultant strength decrease due to incremental 
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displacements in the mass create landslides. A simple 
mechanical model for rock motion is difficult to formulate 
Since movement is vertical, horizontal and rotational. 
Furthermore, other factors, some of which are difficult to 
evaluate, must be considered: the depth of the earthquake 
epicenter, the weight of the active and pasSive parts of the 
slide, the time-dependent strength, the angle and direction 
of approaching seismic waves, shock attenuation, stress 
relief, the degree of displacement from previous 
earthquakes, the epicenter distance and the dynamic response 
of the rock and/or overlying soil. Secondly, he suggests 
that large scale fault adjustments result in changes in the 
gradient of unstable slopes causing movements. Thirdly, 
Enixotropre effects on @=rock; “and on“sorl“in particular, 
create additional hazards such as landslides, subsidence, 
and liquefaction. 

Solonenko (1977) also distinguishes several surface 
features indigenous to seismogenic landslide zones: 
gravitational seismotectonic wedges, collapse along faults, 
toppling of mountain peaks, slippage along discontinuities 
in landslides, seismovibrational landslides and collapse, 
seismogravitational collapse on an air cushion, and 
seismogenic ground avalanches and flows. Many of these 
phenomena, as described in this thesis, are common in the 
Mackenzie Mountains as well. 

It is apparent that a hindsight determination of the 


precise effects of seismic accelerations on the stability of 
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rock slopes in the Mackenzies would be a difficult task. 
Because of the unknown factors of the frequency of 
earthquake occurrence and their magnitude, the back 
calculation of stability in these masses must be construed 
as largely speculative. While a detailed examination of a 
seismically vibrated rock mass is beyond the scope of this 
research, a simple dynamic analysis is now presented as a 


initial inquiry into the problem. 


3.7 A Simple Dynamic Analysis 

In-orderto*cain some appreciation of the velocities 
attained in the various proposed models, a simple 
calculation of the motion of the centres of mass of a number 
of failures is presented. While the actual physics of the 
driving and resisting forces is uncertain, it is 
nevertheless worthwhile to simplify the realities of the 
Situation with approximations. The following procedure 
should be viewed therefore as a preliminary attempt to model 
the initial slope movements, but the calculated velocity 
values are only relevant in a comparative sense. 

Figure 3.6 shows the simplified reconstruction of the 
initial geometries for six rock avalanches from the 
Mackenzies: Damocles, North and South Twin, Nozzle, U-Turn 
and Rockslide Pass. The paths over which the centres of 
mass of the initial blocks moved before encountering an 
abrupt change in slope are indicated. It will be 


arbitrarily assumed here that the rock mass begins to 
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Figure 3.6 Reconstruction of the initial rupture surfaces 
for six rock avalanches from the Mackenzie 
Mountains with approximate centres of mass for 
the initial and moving rock masses, prior to and 
at the point of disintegration. 
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disintegrate at this point, and until there moved 
essentially as a sliding block (Cases 1-4) or as a block 
with rolling cylinder type friction (Cases 5 and 6). For 
Simplicity, the path has been shown as two linear segments, 
although in reality it as made up of many more segments. 

As 1S commonly the practice in stability evaluation, 
the effects of seismic loading are equated with an 
equivalent horizontal force equal to a seismic factor, k, 
times the weight of the mass, W. Figure 3.7 is an 
illustration of the statics of the situation, more familiar 
as the simple sliding block problem. Using Newton's Second 


Law, the acceleration a of the body can be found as: 
ae=eot(itkp) sanepe+ (kop (i-r,  cosp]) CBr ese) 


where g iS gravitational acceleration, uw is the dynamic 
coefficient of friction, B is the slope angle and ry is a 
pore pressure factor equal to the ratio of the uplift force 
to the normal component of the weight. The velocity of the 


Sliding block v is calculated from the equation of motion: 
Viet Vig ae aS (Eqn. 3.4) 


where vo is the initial velocity of the block and s is the 
distance over which the acceleration acts. The velocity can 
thus be solved at different increments of a slope for a body 


moving over a variable geometry. No account is taken of 
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Figure 3.7 Simple sliding block model with additional 
horizontal seismic loading. 
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additional energy losses such as impact at changes in slope, 
centripetal acceleration, fragmentation or more complicated 
velocity dependent resistances. 

In order to have some basis for comparison, it was 
arbitrarily decided that the minimum velocity necessary for 
fragmentation was 15 m/s. Initial calculations showed that 
in order for the mass centre of each block to Be moving at 
15 m/s or greater at the end of the indicated slope certain 
Gesistance reductions were necessary. Four different cases 
of sliding resistance were analyzed with Twin slides as the 
limiting geometry. 

In Case 1 the lowest seismic coefficient, k, which 
would allow the centre of mass of a block to attain 15 m/s 
without pore pressures or a low frictional coefficient after 
moving over the indicated geometry at Twin slides was 0.40. 
This was found by solving the equation of motion (Eqn. 3.4) 


formulated for the two segment geometry: 


2 


k = v7./2q - [s,(sina,-ucosa,)+s-(sina2tucosa,) ] 
[s,(usinay,tcosa,)+s>5(usinastcosa,))) (Eqn. 3.5) 


where subscripts 1 and 2 refer to segments 1 and 2 and v2 is 
the velocity at the end of the second segment. The 
coefficient of friction assumed here was 0.58, equivalent to 
tan 30°. Cohesion was assumed to be zero. Velocity values 
at the end of each segment, for Twin slides and the other 
avalanches from the Mackenzie Mountains for the same 


parameters, are tabulated in Table 3.1. 
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It iS important to note that the equivalent horizontal 
force kW which represents the dynamic load due to seismic 
accelerations is assumed to act over the entire travel path 
with the same magnitude. This is a oversimplification of 
the actual situation, for not only would the mass experience 
horizontal motion but more complicated vertical and 
rotational movements of variable magnitude would affect the 
System. Furthermore, extending the effects of this 
pseudo-static loading over the entirety of the travel path 
has no theoretical basis. Rather, the reason for applying 
this equivalent loading is, simply, that without recourse to 
additional pore pressures or low friction resistances, the 
rock mass under consideration at Twin slides and some others 
would be incapable of attaining the limiting velocity of 
15 m/s by the end of the second travel segment. There would 
also appear to be substantiated evidence as previously 
discussed, for seismically vibrated or self-induced 
Seismicity at a number of these movements. An analytical 
approach which couples the characteristic rock and debris 
motion involved has yet to be formulated and is probably a 
long time from fruition (Hungr, 1981). 

Case 2 is an analagous situation with a dynamic 
friction coefficient (un = tan 30°), no pore pressure and 
zero cohesion. However, the equivalent horizontal load, kW, 
only acts over the first travel segment. The required 
seismic coefficient, k, which would allow the block to move 


at 15 m/s at the end of the second segment for Twin slide 
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was found by solving the equation of motion in a fashion 
Similar to the formulation in Eqn. 3.5. Note the much 
higher velocities initially attained as compared to Case 1. 

In Case 3 the solution was found for the required 
dynamic coefficient of friction uw which would give a 
velocity of 15 m/s at the end of segment 2 for the North 
Twin event without recourse to pore pressures or seismic 
accelerations. Similarly in case 4 velocities were 
Caleim@aredttorcruesttanteo:,. koee 020 Jande rg t=210%. 7558 which 
Pee gave a velocity of 15 m/s at the end of the second 
segment. Because an increase in pore presSure is actually 
equivalent here to a reduction in the friction coefficient - 
uo = iilered} the predicted velocities for both cases 3 and 4 
are identical. The values at the end of segments 1 and 2 
are also very close. c 

In Cases 5 and 6 the velocities are predicted by the 
rolling cylinder model (Eqn. 3.2). The two limiting cases, 
wathprodiing friction Coeffacaentr fhequalactoml.0i-for? acesmall 
cylinder, and equal to 1.33 for a large cylinder were 
tested. As shown in Table 3.1 this model predicts 
velocities considerably greater than the sliding friction 
case. Note also the continued acceleration of the mass on 
the second shallow slope for each of the examples. 

It is difficult to speculate on the actual velocity 
spectrum for the initial movement stage in these events. 
There are very few velocity indicators such as run-up or 


superelevation near the proximal end of the avalanche to use 
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in assessing the above tested models. These preliminary 
velocity estimates can be best viewed in a comparative sense 
to illustrate the effects of the initial slope geometry on 
the various models. For instance the highest velocities 
(Cases 2, 3, and 4) are predicted for the initial movements 
at Rockslide Pass. As seen in Figure 3.6 this is a direct 
consequence of the long steep (23°) initial slope segment. 
The initial velocities predicted at U-Turn are generally 
only slightly greater than those at Nozzle with the 
exception of Case 2 at Nozzle where the lowest second 
segment velocity (12 m/s) was calculated. This again is a 
reflection of the geometric influence. 

The rolling cylinder friction model predicts the 
greatest velocities at the end of the second segment for 
these two and the remainder of the slides. The predicted 
velocities for the initial segment of the Twin slides are 
only slightly greater than those of Damocles with the 
exception of Case 2. On the other hand, geometric effects 
(a steeper slope) allow a greater final velocity at Damocles 
than at Twin slides, excepting the rolling cylinder model 
velocities. 

In terms of an initial mobility potential it can be 
seen that for Cases 3 and 4 the order of potential would be 
Rockslide Pass, U-Turn, Nozzle, Pamocles and then Twin 
slides. For Case 2, where a seismic acceleration is only 
assumed over the first segment, Rockslide Pass, U-Turn and 


Damocles, respectively, show the greatest initial mobility 
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potential. Similarly in Case 1, where a seismic 
acceleration is assumed over both segments, U-Turn, 
Rockslide Pass, and Nozzle, respectively, show the highest 


mobility potential. 


3.8 Conclusions 

The initial movement mechanisms for these rock masses 
are still largely unknown and warrants further research. 
Field evidence for low friction surfaces has not been found 
and their existence as well as the magnitude of unknown pore 
pressures must remain in the domain of speculation. While 
there are field observations to substantiate Eisbacher's 
(1979) suggestion of rotational movements within the rock 
mass, the mechanical and theoretical feasibility of a roller 
bearing type of friction iS questionable. Undoubtedly a 
more complex motion involving sliding, dilation and toppling 
is closer to reality. Analytical approaches to the problem 
are limited in scope, although experimental work could prove 
useful in calibrating a model. In the writer's view, 
inadequacies in handling the effects of earthquake and 
self-induced seismicity are the major impediments to 
meaningful back calculation of stability and initial 
velocities. There is substantial evidence to suggest a link 
between seismic activity in the Mackenzies and the incidence 
of large rock slides and avalanches. Further investigation 


of this hitherto untouched topic is recommended. 
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Finally, a simplified dynamic analysis was performed to 
predict initial velocities for five modified slope 
geometries from the Mackenzie Mountains. Various 
assumptions were employed to test hypotheses for pore 
pressures, dynamic friction resistances and seismic loading. 
While the velocity values obtained are based on rather 
arbitrary assumptions, it is useful to compare the various 
models in a relative sense, particularly with respect to 
VerOcity predictions from Koerner’s (1976) avalanche model 


(see Chapter 6). 
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4. SOME MECHANICAL ASPECTS OF ROCK AVALANCHE MOTION 


4.1 Introduction 
This chapter has two main purposes: first, to present 
an overview of the mechanical approaches to the phenomena of 
rock avalanches; and second, to investigate some 
observations from a select group of these events in the 
Mackenzie Mountains with the intention of characterizing the 
mode of movement. 
The various approaches to the rock avalanche problem 
can be broadly categorized into three streams: 
ie Physical hypotheses based on theories with difficult to 
characterize parameters (eg. air cushion, fluidization 
postulates), 
2s Semi-empirical approaches such as a frictional energy 
balance or the application of hydraulics principles, 
and 
3 Empirical approaches such as volume runout 
correlations, multiple regression, or scale modeling. 
The literature related to the above topics is quite 
diverse, hence the intention of the initial part of this 
chapter will be to present only a broad overview of the 
various approaches. The interested reader is referred to 
Hungr (1981) for a more complete review of the subject. 
Furthermore, Chapter 5 and 6 will examine in greater detail 
the semi-empirical treatment of the problem in the context 


of rock avalanches from the Mackenzie Mountains. 
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In order to make the proper choice of parameters for a 
numerical model, compatibility between field observations 
and the proposed physics of the avalanche motion must be 
obtained. This in itself, would appear to be the principle 
problem hindering the development of a deterministic 
solution to the mobility question. A number of questions 
remain to be answered: 

Ue What is the range of velocities and how are high 
velocutiesmachweved) bys the avalanchesdebris eardyain 
its motion? 

2 What evidence exists for the reduction of a basic 
friction angle for granular materials or are other 
elements such as "lubrication" or pore pressures 
responsible for the apparent excessive travel distance? 

an Why does the initial displaced mass, although 

disintegrated into small fragments, still show a 

Surprising congruence of stratigraphic order? 
as; What is the explanation of the void or "rarefaction" 

zones as noted at Nozzle, Rockslide Pass and U-Turn 

avalanches? 

is What is the actual rheology of the avalanche debris in 
itS macroscopic sense and what does this tell us about 
the existence of turbulence, the strength of the debris 
sheet, and the "sliding or flowing" question? 

While it is not the intention of this thesis to examine 
these aspects in detail, some observations on these problem 


areas will be made. 
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4.2 Literature Review 

Physical Hypotheses 

Physical hypotheses for explaining the motion of rock 
avalanches are quite numerous and equally as varied in 
principle. While no single all encompassing model has been 
established, several attempts have been made for a number of 
events. A selection of the various hypotheses, as discussed 
by Hungr (1981) in his review, are now outlined. 

"Lubrication" by mud as originally noted by Buss and 
Heim, 1881 for the Elm catastrophe is an attractive 
hypothesis for events where a Tege portion of the mass 
traversed Saturated sediments or bodies of water. Evidence 
for the important role that these saturated fines play in 
the mobility of rock avalanches may be found in several 
examples from the literature, e.g., the Frank Slide (Hungr, 
1981); the Huascaran avalanches (Plafker and Erickson, 
1978); Hope rockslide (Matthews and McTaggart, 1978). Ina 
few reported caes, such as the Steinsholthlaup from Iceland 
(Kjartansson, 1967), or the Mt. St. Helens rockslide 
avalanche (Voight et al]., 1981), the dislocated rock mass 
had acquired large amounts of water either by the melting of 
glacial ice or the incorporation of bodies of water in its 
path. The mixing of this water with alluvium and other 
detritus enroute has given rise to the extreme mobility in 
these events. 

Air layer lubrication, or the air cushion postulate, 


proposed by Shreve (1966, 1968a, 1968b) and subsequently by 
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-some other investigators (Kelly, 1980) is attractive in 
cases where the avalanche travel surface has a suitable 
launching ramp. Presumably the debris is catapulted from 
the ramp at high velocity and there is little time for the 
compressed air to escape through the debris sheet by upward 
seepage. The debris layer then spreads and thins on this 
cushion of air until the air pressure dissipates and the 
Slide "freezes" in position. Shreve (1968b) has shown that 
the upward seepage of air through the sheet would not be 
Significant for the duration of the event if the mean 
permeability was less than 1 Darcy (0.001 cm/sec). 

For some time Shreve's air cushion theory received wide 
acceptance. However, many investigators have since 
questioned the validity of the concept. Hsu (1975) raised 
three objections: the lack of air escape features, e.g., at 
Elm, the flow-like rather than slide-like morphology of the 
deposits and the absence of sturzstroms on the air-less 
surface of the moon. Others, including Bishop (1973), 
Voight (1978) and Erismann (1979) have expressed doubt 
concerning the continuity of the air layer beneath the 
debris sheet and the mechanism of air entrapment. 

Air fluidization as described in the powder mechanics 
sense (Brown and Richards, 1970) would imply fluidized beds 
characterized by dilation, a high degree of turbulence, 
channeling and upward flow structures, elutriation of fines 
to the surface, and the fall of large particles to the base. 


Kent (1966) used this analogy to explain the extraordinary 
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mobility of such events as the Frank slide and the 
Saidmarreh landslide. While the concept may be applicable 
to powder snow avalanches which display great snow dust 
clouds, obscuring the main body of the avalanche, the 
extension to rock avalanches may be of dubious validity. 
Such features as inverse grading in the deposits (Hungr, 
1981; Hadley, 1964), the apparent lack of extensive 
turbulence exemplified by the maintenance of the original 
Stratigraphy in the deposit (Eisbacher, 1979; Erismann, 
1979), and the absence of upward flow structures, suggest 
that the phenomenon, as described for industrial 
fluidization processes, is not generally applicable to rock 
avalanches. 

The presence of gaseous pore pressures, often in the 
form of steam, has been advocated by several authors as a 
means for reducing the effective stress within a basal shear 
zone. ( Pautre et a/]., 1974; Habib, 1975; Goguel, 1978; in 
Hardy et al]., 1978; Voight and Faust, 1982). While it is 
difficult to envisage the presence of pore pressures such as 
water, at least through the dilatant initial portion of most 
rock avalanches, the concept of gaseous pore pressures 
developing and being maintained in the basal zone is quite 
feasible as demonstrated by the above writers, provided 
there is sufficient water available. Hungr (1981) has shown 
that to obtain a gaseous pressure of 400 kPa, capable of 
fully supporting an 18 m column of broken rock the required 


initial saturated porosity of the source rock need only be 
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0.06 percent, certainly a feasible condition for even a 
tight rock mass. Erismann (1979) proposes another source of 
gaseous pore pressure in the form of carbon dioxide produced 
by the dissociation of carbonate rock under the heat of 
friction. This hypothesis, while not easily verifiable, is 
attractive for a large number of rock avalanches, which in 
the Canadian Rockies and the Mackenzie Mountains as well as 
in the Alps, are indigenous to carbonate rocks. Erismann 
(1979) also proposes a related mechanism for landslides in 
granitic terrain - the rock mass has slid on a surface 
lubricated by frictional melting. There is substantial 
evidence for this ‘type of process as samples of a pumice- 
like rock glass have been found at the Koefels slide in 
Austria (Erismann, 1979) and more recently the presence of a 
continuous sheet of rock glass ("hyalomylonite") has been 
noted on the exposed gliding planes of the Langtang 
landslide in Nepal (Masch et al]., 1981). 

While the pore pressure and frictional melting 
postulates are attractive mechanisms for avalanche or 
landslide mobility it is odd that certain characteristics 
which one would expect to be ubiquitous to most of these 
events are found or suggested at only a few. No large steam 
or gas clouds have been reported at any events in the 
literature and rock heating has only been noted at a 
Scattered few (Romero and Molina, 1974; Cruden, 1982). 
Neither is there evidence for large scale compressed gas 


escape which would give rise to normal grading and certain 
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morphological features such as eScape structures. 

Hungr (1981) used the term "rock dust liquefaction" to 
name the process Hsu (1975) proposed for the floatation of 
coarse debris particles in an interstial fluid of fine 
debris and pulverized rock dust. This mechanism derives 
from Bagnold's (1954) early work on the flow of concentrated 
cohesionless grains in a fluid medium. The frictional 
resistance to flow for such grains is less than that for 
sliding between rigid bodies because of the presence of a 
dispersive pressure which serves to reduce the effective 
normal stress. This concept has been discussed in 
connection with rock avalanches in the Mackenzie Mountains 
by Vallejo (1980). He uses the mechanism to explain why the 
largest boulders are often found at the front of the flow 
and the ay oeeyes of such features aS inverse grading and the 
"ramp" phenomenon. Eisbacher (1980) counters this argument 
by pointing out that the "ramp" feature has a remarkably 
coherent internal structure reflecting the original 
Stratigraphy in the failed mass, and hence could not result 
from an internal dispersive pressure. Nor does inverse 
grading have to be a result of Bagnoldian flow as Eisbacher 
(1980) points out. Alternatively, he suggests that the 
remarkably well preserved dilation features in the rock 
debris (also noted by the writer, Appendix B ) lend credence 
to Middleton's (1970) kinetic sieving of smaller particles 
through an open coarse framework to produce inverse grading 


in an initially unsorted granular mass. 
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"Mechanical fluidization" is a term coined by McSaveney 
(1978) to denote the change from simple frictional to 
complex velocity dependent flow behaviour at high shearing 
rates. The concept is not new to the rock avalanche problem 
having been suggested in some form by Howard (1973), Hsu 
(1975), McSaveney (1975) and Koerner (1977, 1980b). Bagnold 
(1954) in his original experiments on shearing of 
dispersions initially alluded to the notion. However, since 
then (1968) he has concluded that even rapidly sheared 
concentrated dispersions remain rheologically equivalent to 
Ordinary frictional materials. Goodman and Cowan | 
(1971/1972) and Cowan (1978) have advanced the theoretical 
formulation of granular flow based on the principles of 
continuum mechanics. Their use of the effect of 
microstructure through the introduction of the volume 
fraction of solids (the ratio of the volume of solids to the 
total volume) as an independent kinematic variable has been 
Similarily extended in experimental and analytical work by 
Savage (1979) and McTighe (1979). 

An extensive laboratory testing program was undertaken 
by Hungr (1981) to verify a proposed change in rheology at 
high shearing rates. In flume experiments with sand there 
was some volumetric dilation observed, but the material 
appeared essentially frictional. To investigate whether the 
mobilizing phenomenon might be restricted to the condition 
of high normal stresses a series of high velocity and ring 


shear experiments were conducted. For a variety of 
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materials (dry and wet sand, polystyrene beads, and mixtures 
of sand and rock flour) the mechanical fluidization 
hypothesis was not validated. Davies (1982), however, 
presents an argument to the contrary claiming mechanical 
fluidization is supported by laboratory tests, the grain 
flow theory of. Bagnold, and some characteristic features of 
strurzstrom deposits. 

Another working hypothesis for explaining avalanche 
mobility is the mechanism of liquefaction. Nak. 
Morgenstern (personal communication) has suggested that the 
initial dilatant stage of the movement may become 
contractant thus facilitating the generation of pore 
pressures which allow the avalanche to continue to travel 
over Shallow slopes until these uplift pressures dissipate. 
The concept of liquefaction is not new, although applying 
the mechanism to a discrete shear zone at the base of a 
blocky flow has not been attempted previously. The 
rationale for the existance of pore pressures at the base of 
the flow derives from early work on the "critical void 
ratio" by Casagrande (1936) and subsequent contributions by 
his students (Castro, 1969; Poulos, 1981). Poulos (1981) 
advanced the concept of "Steady-state" deformation in 
particulate media which is the state when the mass is 
continuously deforming at constant volume, constant normal 
effective stress, constant shear stress and constant 
velocity. By defining the steady state line for a 


Particular soil-on a void ratio versus the logarithm of the 
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normalized minor principal stress plot, one may evaluate the 
potential for pore pressure generation by following a 
particular stress path. Rather than elaborate on the 
details of the mechanism the reader is referred to the 
preceding publications. It suffices to say, however, that 
while liquefaction may be an attractive postulate for the 
flow of other particulate media, there must be some 
reservations in advocating its extension to rock avalanches, 
at least in the Mackenzie Mountains. Firstly, because of 
uncertainties in past failure geometry and the apparent lack 
of bodies of water ,or even Saturated alluvium in many 
cases, it is hard to envisage where a contractant phase and 
the generation of pore pressures would initiate. Secondly, 
because there is no field evidence for a particular discrete 
shear zone of a meaSurable thickness it is impossible to 
evaluate which steady state line may be applicable. 

Acoustic fluidization is a relatively new concept 
proposed by Melosh (1979). He suggests that granular debris 
involved in a rock avalanche may be fluidized by acoustic 
(pressure) waves generated by the movement of the landslide 
itself. The fact that dry granular material loses strength 
when vibrated, in some cases as much as 85% (Barker, 1962), 
has been known for some time. The reduction would appear to 
be proportional to the amplitude and frequency of vibration 
and inversely proportional to the grain size. Melosh (1979) 
derived a relationship between vibroviscosity, frequency and 


amplitude of acoustic waves and showed that the shear stress 
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may be permanently relieved in the flowing mass each time 
the normal stress in the debris temporarily drops to zero. 
Hungr (1981) concurs with this mechanism as a more plausible 
alternative to mechanical fluidization. He further suggests 
that the wave amplitude may be greater at the base hence 
creating the inverse grading in the debris by a process 
Similar to Bagnold's dispersive pressure. Coarse upper 
layers could thus ride on a fine, fluidized basal material 
without much distortion, a notion compatible with the 
observed stratigraphic congruence in many events. 

In summary, there have been ten physical hypotheses 
described in the preceding section, each of which has been 
reported to be a key mechanism for rock avalanche mobility. 
While it is likely that one or more combinations of these 
mechanisms may be responsible for certain cases it is 
difficult to suggest a particular one which is compatible 
with observations for all cases. The acoustic fluidization 
concept, favoured by Hungr (1981) in his extensive review of 
the literature, may offer new avenues for a more 
deterministic approach, however, there are analytical 
obstacles to be overcome. Finally, it must be pointed out 
that the nature of rock avalanche deposits necessitates an 
individual approach with continous evaluation of the physics 
of the motion as deduced from field observations. To this 
end, a more appealing approach for predictive purposes are 
the empirical and semi-empirical methods which are more 


common in snow avalanche runout prediction. 
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Energy Balance Approach 

Heim (1932) first attempted to model the motion of a 
rock avalanche by using the analogy of the simple sliding 
block. He equated the potential energy loss over a curved 
travel path with the kinetic energy gain and the losses to 
external frictional forces. The "effective coefficient of 


friction", wu, for the travel of the block is given by: 
Lesetaned o=th/ 1, telEqnaa 4.1) 


where ¢ is the apparent angle of friction, and H and L are 
the height of fall and the total horizontal travel distance, 
“cep Heim recognized that the line joining the 
centres of mass of the initial block and the failed debris 
was the Schwerpunktsgefable and was inclined at the @¢ angle. 
He preferred for simplicity reasons to equate this with the 
fahrboeschung, the slope of the line joining the top of the 
crown of the failure slope and the distal tip of the debris. 
As pointed jout .by Cruden (1975,. 1980), the difference 
between the inclination of these two lines may be 
Significant. | 

A review of a number of case histories and an 
examination of a group of rock avalanches from the Mackenzie 
Mountains shows that the energy balance approach suggests 
very much smaller friction coefficients than would be 
expected for stiff competent rocks. Consequently, some 


other means of reducing the friction coefficient or of 
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permitting additional energy loss is needed. The range of 
physical hypotheses directed to this end have been examined 
in the previous section of this chapter and no single 
conclusive mechanism has been agreed upon. The presence of 
a pore pressure could be easily handled within the sliding 
block model by simply reducing the normal component of the 
weight by the uplift force. Despite some objections as 
raised previously, this simple analysis has been used in the 
back analysis of several debris and rock avalanches (eg. 
Hardyitet sal opni978)i. 

Other more elaborate approaches based on an energy 
balance with velocity dependent viscous-type resistances 
(Pariseau, 1980) or a more complex velocity squared 
dependence (Scheller, 1970; Koerner, 1976, 1977, 1980a, 
1980b) have been proposed for rock avalanches. These | 
approaches will be discussed in the context of 
semi-empirical methods under Hydraulic Approaches in the 
next part of this review. 

Finally, an important point noted by Hungr (1981) 
offers an explanation for some of the differences between 
the mean travel angles of various landslides. Some account 
of the energy losses associated with lateral spreading of 
the deposit should be considered, i.e., the equivalent 
coefficient of friction of a wide, spread out avalanche 
would appear to be less than for a narrow channeled one. 
One semi-empirical method for the prediction of avalanche 


runout and extent would be to make use of the travel angle 
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modified for the degree of lateral spreading anticipated 
which could be based on the "area increase ratio", a concept 


proposed by Hungr (1981). 


Hydraulics Approach 

Investigators of snow avalanche dynamics have resorted 
to the use of the equations of flow in open channels to 
account for resistances other than friction. The 
semi-empirical approach employed here involves evaluating a 
polynomial consisting of a constant (frictional) term, a 


linear (viscous) term, and a squared (turbulent) term: 
rT = wo + nv/H + yv?/c? (Eqn. 4.2) 


where 7 and o are the shear and normal stresses at the base 
of the flow, uw is the effective friction coefficient, 7n the 
viscosity, v the velocity, H the height of the flow, andc 
the turbulent resistance coefficient. 

Voellmy (1955) first introduced the relationship 
without the viscous term. Salm (1966) confirmed that the 
viscous term is irrelevant in snow avalanches and that the 
frictional and turbulent terms could be evaluated 
empirically. The calculation of avalanche velocities was 
further advanced by Heimgartner (1977). Koerner (1976) also 
extended this approach to treat the Huascaran, Goldau, and 
Elm rock avalanches. Further details of mechanics of the 


theoretical formulation are developed in the next chapter. 
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Extensions to the application of these two-parameter 
models were developed by Perla (1980), Perla et a/].(1980) 
and Bakkehoi at al.(1981). Numerical calculation 
difficulties arise because of mathematical instabilities and 
the non-unique nature of the solution. 

It is worthwhile noting that other approaches to snow 
avalanche dynamics envoke viscous, rather than turbulent 
type pesictancesuthellar, 19752. Langs Cle Gicywaoroe 
Martinelli et a/J., 1980). The actual mechanics of the 
motion would therefore appear to be a rather contentious 
issue in this area of dynamics. Still others have used 
empirical correlations with certain topographic parameters 
to predict runout distance (e.g., Lied and Bakkehoi, 1980). 

The application of these semi-empirical techniques to 
the rock avalanche phenomena does present a few problems. 
The actual physics of the motion may not be adequately 
accounted for by uSing either a viscous or turbulent 
resistance term in the formulation (Erismann, 1979). 
Furthermore, the solution actually solves for the motion of 
a centre of mass body which is not appropriate where the 
avalanche debris has spread over a large area. A more 
detailed discussion of these and other enigmatic aspects of 
this approach is given in the next chapter. 

Another method suggested by Hungr (1981) is to use 
existing computer programs for flood routing which are based 
on the Chezy formula or a variation on the third term of 


Equation 3.2. The frictional term could be eliminated by 
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simply subtracting it from the geometrical slope. 
In summary, the hydraulics approach offers a more 
deterministic solution for the runout question where 


variations in slope geometry and flow path are encountered. 


Empirical Volume-Runout Relat ionships 

Scheidegger (1973) and subsequently Koerner (1980b) 
have shown the rough inverse correlation between the volume 
bimtheysladesand theveifective coefficient of frictaonior 
fahrboeschung, on a log-log plot. Although there is 
considerable scatter in the data, a general trend of 
decreasing uw with increased volume is apparent. Hungr 
(1981) shows a repetition of the plot in terms of the more 
appropriate "mean travel angle", the inclination of the line 
joining the centres of mass of the initial and final masses. 
There is relatively little change in the trend of the line 
and the scatter remains. A similar relationship between the 
potential energy of the initial mass and the tangent of the 
fahrboeschung for extra-terrestrial slides was shown by 
Howard (1973). Hsu (1975) plots the logarithm of the volume 
of the slide versus the "excessive travel distance", or 
distance beyond which a mass moving with a normal friction 
coefficient (u = tan 32°) would travel. Only a slightly 
better correlation results for the landslides represented. 
However, Eisbacher (1979) has produced a similar plot for 
the Mackenzie Mountains displaying a relatively poor 


correlation between volume and excessive travel distance 
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(see Section 4.4), 


Scale Modelling 

Scale modelling has been used in a few cases to 
reproduce the runout characteristics of some debris flows 
and rock avalanches. Moore (1976) carried out model studies 
of the Rubble Creek landslides using bentonite slurries. 
Although the model was not properly scaled to meet all 
Similitude requirements of the real situation, Moore did 
manage to gain several insights into the movement and 
deformation of the prototype slides. Hsu (1975) used a 
Similar bentonite slurry kinematically scaled to represent 
the Elm sturzstrom. While acknowledging that dynamic 
differences between the model and the prototype exist 
(grain-transmitfed stress is dominant in the latter whereas 
fluid-transmitted stress is dominant in the former), he 
concluded that the mobility of such events can be adequately 
evaluated with the use of thixotropic liquids. Certainly 
these techniques hold promise for modelling complex 
geometries with tortuous courses or abrupt changes in slope. 
In a more recent treatment, Nasmith and Mercer (1979) have 
used model studies of the type performed by Moore (1976) to 
aid in the design of protective dykes for debris flows at 


Port Alaice>*British- Columbia. 
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4.3 Velocity Estimation 

Very few eyewitness accounts of a rock avalanche have 
been recorded. Consequently reliable first-hand estimates 
of the velocities involved are rare and are often somewhat 
speculative. Furthermore, a complete record of the velocity 
of a rock avalanche from start to finish does not exist. It 
is important to realize as well that the few first-hand 
velocity estimates pertain to local velocities and do not 
Recescorily .epresent thesaverage velocity of sthe event 
which 1S probably quite different because of the existence 
of surges or waves of debris. In some cases the total time 
for the event was recorded, e.g., the Frank slide and at the 
the HuaScaran avalanches. An average velocity can pre rerore 
be calculated, but it may differ considerably from local 
velocities induced along the path because of variable 
topography and other effects. 

In a few documented cases, rock avalanches have created 
their own seismic disturbance which has been recorded and 
used to estimate an average velocity, e.g., the Mayummarca 
avalanche (Kojan and Hutchinson, 1978); the Lyell Glacier 
slide (Gordon et al]., 1978). In the latter example the 
seismic trace could be used to discern the end of the major 
failure and start of the subsequent streaming of debris down 
the glacier. Superelevation or the tilting of the mobile 
debris around corners has been used by several writers to 
estimate local velocities (Moore and Mathews, 1978, Hardy et 


al., 1978). Similarly, energy considerations have been used 
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to calculate minimum velocities from debris run-up. These 
two techniques have been applied to some of the Mackenzie 
Mountains events and will be developed in the proceeding 
section. 

More elaborate methods have been used, such as 
McSaveney's (1978) use of the curved flow lines on the 
debris to estimate velocities. Hungr (1981) casts doubt on 
such techniques since the curvature of lineaments on the 
surface of the debris need not represent the velocity 
direction in the basal shear zone. The solution of a 
semi-empirical polynomial such as in Koerner's (1976) 
analysis, does enable one td predict a velocity-time record 
for an avalanche, but this is dependent on the proper choice 
of frictional and dynamic resistance coefficients. Velocity 
predictions using this method are developed in Chapters 5 
and 6. 

A remarkable collection of photographs from the Mount 
St. Helens event (Voight, 1981) has been used to produce a 
velocity-time plot for the initial stages of this well known 
recent rockslide avalanche. Despite the fact that 
transitory forces such as seismic accelerations and stress 
relief associated with the ensuing eruption were obviously 
present, the photographic sequence is the best record to 
date of the actual distance-time relationship for this type 
of slope movement. 

Table 4.1 is a collection of local and average velocity 


estimates for numerous rockslide and rock avalanche events. 
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TABLE 4.1 Some Examples of Rockslide and Rock Avalanche Velocities (m/s) 
Rock 
Event Type Average Local Source 
Elm meta. 50(1) 80(1) Heim (1932) 
20(1) =< McSaveney (1978) 
Gol dau sed. 40-70(1) —— Heim (1932) 
Frank sede 28(1) -- McConnell! & Brock (1904) 
Blackhawk sed. ies 33(4) Shreve (1968) 
Hope metae ae 25(4) Hardy et al (1978) 
Vaiont sed. 25-5005) — Muller (1964) 
Little Tahoma Paak  volce oS 36 (4) Fahnestock (1978) 
Devastation Glacier volc. -- 42(2) Hardy et al (1978) 
Lyell Glacier sed. 17(5) es Gordon et al (1978) 
Triolet Glacier igne a 34-44 (4) Porter & Orombelli (1980) 
Sherman Glacier meta. 26 (3) 12(6) McSaveney (1978) 
-- 67(3)(7) McSaveney (1978) 
=5 52(4) Shreve (1968) 
Mount St. Helens VOI Ce =< 38-80(9) Voight (1981) 
Mayunmarca sed. 36 (5) Fed Kojan & Hutchinson (1978) 
Huascaran (1970) igne 78(1) 280(7)(10) Plafker & Ericksen (1978) 
<a 47(2) Plafker & Ericksen (1978) 
-— 33(4) Plafker & Ericksen (1978) 
Huascaran (1962) igne 47(1) 17(4) Plafker & Ericksen (1978) 
Huascaran (pre- igne 93(8) 39(4) Plafker & Ericksen (1978) 
Col umbi an) 
Dusty Creek volCe ime 15=20(2) Clague & Souther (1982) 
Rubble Creek VOI Ce — 22-29(2) Moore & Mathews (1978) 


(1) 
(2) 
(3) 


(4) 
(5) 


Eyewitness estimate of slide duration 


Superelevation in bends 
Frictional energy balance 


Frictionless run-up analysis 
Seismic record 


(6) 
Ci) 
(8) 


(9) 


Curvature in flowlines 
Projectile estimate 
Extrapolation from previous 
events 

Photographic record 


(10) Cratering theory 
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These values have been obtained by some of the preceeding 
methods with the exception of Koerner's (1976) analysis. A 
brief examination of these data reveals that there is a 
considerable variability in both local and average 
velocities. There would not appear to be a consistent 
relationship between the estimated velocity and other 
factors such as rock type or whether the debris travelled 
across a glacier for some portion of its path. Average 
velocities range from about 90 m/s for the pre-Columbian 
event at Huascaran (Plafker and Erickson, 1978), to about 
17 m/s for the Lyell Glacier slide (Gordon et a]., 1978) 
with a mean value of about 43 m/s. Local velocities 
naturally show a greater range; maximum projectile 
velocities of 280 m/s were calculated at the Huascaran event 
(Plafker and Ericksen, 1978), while minimum values of 12 m/s 
were estimated for the Sherman event (McSaveney, 1978). 

Given the uncertainties involved in some of these 
estimates and the apparent discrepancies which arise for the 
Same event, (e.g., Elm) any calculation of velocities, aside 
from those made from a photographic record, must be treated 
as indicators and should not be confused with true 
velocities. 

Superelevation of debris in bends has been used by 
several investigators to predict the local velocity of a 
rock avalanche (Moore and Matthews, 1978; Plafker and 


Ericksen, 1978; Clague and Souther, 1982). All that is 
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needed for this calculation is the transverse slope @ and 
the configuration of the avalanche path for one location. 
The velocity v of the avalanche is calculated as if the mass 
were a fluid moving in a subcritical flow regime (Morris, 


1963) using the formula: 


Vv = [Rg tané (Eqn. 4.3) 


where R is the mean radius of curvature of the bend in the 
Slide path and g is the acceleration due to gravity. Some 
question may arise over the correct choice of the angle @ 
and the deduction of a mean radius of curvature R is often 
dpbficult. 

The rheological properties of a rock avalanche have not 
been dealt with by many writers, but if McSaveney's (1978) 
evaluations of the Reynold's number is correct, it is likely 
that the Sherman and most other rock avalanches behave 
within the laminar flow regime. Furthermore, even a 


conservative estimate of the Froude number, 


ES=av/7gh (Eqn. 4.4) 


where v is the velocity and h is the depth of flow, reveals 
that F is greater than 1 and consequently the flow is 
Supercritical. As pointed out by Morris (1963), 
Supercritical flow around a circular curve in a channel will 


produce a maximum superelevation on the outsides of the bend 
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equal to twice that produced by subcritical flow. In fact, 
a wave pattern oscillating above and beneath the subcritical 
flow height by v?B/2gB is produced (where B is the width of 
the channel). This wave then continues to move down the 
channel alternately rising on both sides rather than only on 
the outside bend. Consequently the equation for subcritical 
flow (Eqn. 4.3) now becomes v =,/(1/2)Rgtané@ for 
Supercritical flow. 

This extension of the principles of water flow in 
channels may be a rather poor concept for rock avalanches in 
“the first place. The internal strain and velocity 
relationships within an avalanche are still largely 
speculative and hence the appropriateness of a Reynolds or 
Froude number for a non-Newtonian fluid must be questioned. 
Consideration of these matters is beyond the scope of this 
research. An attempt will be made, however, to estimate 
velocities at the Twin slides with superelevation in bends, 
assuming subcritical and supercritical conditions as the 
upper and lower limits on the velocity, respectively. 

Figure 4.1 is a plan map of the Twin slides showing the 
locations of surveyed cross-sections. Profiles 1, 2, 3, 4 
and 5 are sites where the maximum tilt angle of the 
superelevated debris could be reconstructed (as illustrated 
in Figure 4.2). Debris run-up from profile 6 on the South 
Twin avalanche will be used to calculate a minimum velocity 
with a simple energy balance. Cross profile geometries and 


locations are from field measurements (uSing an optical 
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Figure 4.1 Plan of North and South Twin avalanches showing 
locations of meaSured cross-sections. 
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rangefinder and a clinometer) made by Kaiser and Simmons 
(1980). 

For each superelevation location an approximate arc of 
curvature through the bend was needed. Because of the 
difficulty in determining an accurate radius of curvature R, 
at several of these sites due to talus cover and the 
apparent lack of curvature in the flow path a reasonable 
range of between 500 and 1000 m radii will be analysed. 
While this does allow for considerable velocity variation, 
the degree of uncertainty in the geometry necessitates this 
approach. 

The calculated velocities for both subcritical and 
Supercritical flow are listed in Table 4.2. Two values of 
the tilt angle @ are given for cross-section 6 Since there 
is some uncertainty in defining the limit to which debris 
had risen on the east side of the valley. For R=1000m 
subcritical velocities (upper bound) range from 23 m/s to 50 
m/s while supercritical velocities (lower bound) range from 
167M SLO -s> m/7S.) Fon R —— 500mm Ssuberiticalr velocities 
(upper bound) range from 16t035 m/s while supercritical 
velocities range from 12 to 25 m/s. Curiously, there is a 
tendency for velocities to increase down valley. This may 
reflect the channeling effect and perhaps the incorporation 
of mobility enhancing, water saturated slope colluvium or 
stream alluvium. These values would also seem to be in the 
Same range as velocities calculated by similar means for 


other confined rock avalanches (e.g., Rubble Creek, Dusty 


oF 
s ) 
/ 
~ - 
=(0C imi 
af ” 
at = AS 
4 
, | 
, ve Ww Ioy 
* 
‘ 


veo") 
ees 2 oi 


« 
. | 
> 

\ 
' 4 
pn ae 
A = 
a « 
= b 
zy 
-~ 
— ~d 
a 
» 
4 , 
’ © 
[ er 
a ed 


ysoe coals Sivow zoulev seedT smu ivul Ls meer 
_ 7 


2 » & ALz . 


i," 
atid? 
eras 


OLS) ee 


j 
bas 
eh 
v 
— 
he 
4 
iP 
p- 
io 
a. 
on 
C 
- 
ae 
a 


we! 
fy 


sone: $bndod, seqqu) void tobley taakell 
| _— 


teoistaoseqe ie oh criw 


am te ae S 2 
mort spnet (bavod 3 


ly¥itsorva m O02 = 3 165 


\, = as CF = aia 
e a $3 « & \i - iSois 
/ ° ” - ~ ~ ~ » oh ie 
FOO SSeS = | 4 wa eSiscia 
- - * iz 
‘4 gosdssq Bons J>slis _priison 
d cae 
* t - mie 3 a a ea rae Ty 
ayola Sesaetutse otws<leht oleae + £GO8R 


| ‘ 
T evn ¢ = ene 


Bo 
beralustes eatiiceles as =pn63 
— a 


|S nee 
sidduk , re) sodonsieve A2ox Hentiaos 


80 


eTqtssod sedo[s esxsasuez3 OMA x 


ac OL cE Cc g 

ve VC 8P VE ¥€L S 
Se 14 0S Ge vl v 
LC 8L BE SC 8 € 
EE VC LV Ef Eb c 
OL ral A OL € L 

(soorzbeap ) 
woool =u woos =a woool =a w 00S =u eTbuy eTtgoid 
Teotqtzozedns Teoratzoqus ay ayir SSOID 


(s/w) ALIOOISZA 


*L*py oanbTgq uo peyeoo,T seTTjord 
*SOUDURTRAY UTM, eu ye SqUyubTeH uoTJeASeToeASdnsS 
wory pe yotperg sebuey AATOOTeA JO uoTAeTNOTeD “7°p AIAGVL 


: E a ? 7 ~ 
a oe _ : 
std es a FP oF) ss a ot 
Jt z t ens te (i 
Pa 7 ‘wamg ht Fi | foasool 


=- - kh -_ 


_ (ain) YIIDOIY | -. 
aN “Yao bs eousaue ; fenis2soaut rae Ce Piesersd Payot 
= yp ater + 5 m O02 = F a O00f = 3 w 002 = F eae 20 


fi 7 


8 1 


Creek. DéVastation Glacier — see Table 451)": 

Run-up Analysis has been used by many investigators to 
approximate a lower bound estimate of the local velocity in 
a rock slide or avalanche (see Table 4.1). By assuming that 
all of the kinetic energy at the front of the flow is 
converted to potential energy the minimum velocity v at 


which the flow was moving, neglecting friction, is: 


- =[2gh (Eqn. 4.5) 


where h is the height to which the debris rises (measured 
from, the, Cop of. the flow) up the flank’ of “the“obstacte. 

No debris run-up was observed at the North Twin 
avalanche where it entered the main valley (Kaiser and 
Simmons, 1980). As shown on Figure 4.2 (cross-section 6), 
near the end of the South Twin avalanche a lower bound 
velocity could be found using a frictionless energy balance. 
This prominent run-up feature between 100 and 125 m measured 
from the estimated surface of the flow at the base of the 
Niele tOethnes cop Lim Ole che Gebris Lert. on hiddsidey-= Thais 
gives a minimum velocity at this location of between 44 and 
49.5 m/s, again, surprisingly high since this area is near 
the terminus of this flow. Even with a more conservative 
estimate of an 80 m height difference the minimum velocity 
would Still be 40 m/s. “This very rapid’ drop in Velocity 
suggests, perhaps, that some resistance reduction agent is 


responsible for the high mobility to this point and that 
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there 1S a most rapid dissipation of this uplift force at 
which time the motion ceases abruptly. Alternatively, a 
thixotropic or rheological change in the debris at some 
Grttacal point could explain Sivieh a -rapid.loss in velocity. 

Also the possibility of there having been snow or ice 
in the main valley thereby reducing the run-up height 
(Kaiser and Simmons, 1980) would permit lower velocities at 
Ents. boca tion, 

For comparison purposes a plot of the upper and lower 
bound velocities versus horizontal travel distance for the 
North Twin rock avalanche is shown in Figure 4.3. | 
Velocities calculated by superelevation as well as the 
initial velocities tabulated in Table 3.1 are shown on the 
Graph. This plot might suggest that the velocities in the 
avalanche oscillate considerably; initially the mass 
accelerates to high velocities (25-45 m/s) which is followed 
by a decrease and then a gradual rise to highest values. 
The dip in the velocity profile between 2,000 and 3,000 m 
may be attributable to a topographic constriction at this 
location. Even if the velocity estimate at cross-section 1 
was actually greater, because of debris higher in the slope 
being covered or later removed, the general trend would 
Still be one of increasing velocity with travel distance 
before the sudden stop. This plot will be most useful in 
comparison with velocities predicted with the avalanche 


model discussed in the succeeding chapters. 
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Projectile Velocities have been determined for the rim 
of rocks which mantle the main debris stream from the 1970 
Huascaran avalanche (Plafker et al]., 1971). Incredibly high 
velocities, in excess of those achieved from purely 
gravitational fall, were calculated on the basis of 
trajectory angles measured from impact scars in the field. 
While these velocities do not represent the velocity of the 
avalanche body as a whole, it iS puzzling how such extremely 
high energy trajectories are achieved. Plafker et a].(1978) 
have suggested that the "jetting" action of a topographic 
constriction may have been responsible for dispersing these 
rocks with high velocities. 

Simple momentum transfer from portions of the rock mass 
could be used to explain these features; a large boulder 
moving with a small velocity is capable of imparting a 
higher velocity to a smaller boulder. Another explanation 
of how such high velocities are achieved relates to the 
ongoing disintegration process; when a large block with a 
high angular velocity impacts and fragments, some of these 
rocks may be catapulted at close to twice the initial block 
speed (Hungr, 1981). It is proposed that these "spray" 
features are in fact rubble left from one or more large 
boulders when they collided and disintegrated on the slope. 
Just as A the Huascaran event, these boulders could have 
originated in the lower part of the "ramp" area. Apparently 
the large rocks, left in this vicinity and scattered along 


the adjacent slope, must have been thrown into their present 
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Figure 4.4 "Spray" feature at Nozzle avalanche probably 
originating from the impact and disintegration of 
large boulders with high energy trajectories. 


Figure 4.5 Large boulder in the "spray" area located well 
above the valley floor and the main debris 
stream. 
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position since practically no other debris is found in their 
proximity and most of the area right down to the valley 
floor (see Figure 4.5). Several circular piles of rubble, 
suggestive of a large block which shattered on impact, are 
also found within this area (see Figure 4.6). 

A cross-section was Surveyed in the field from the top 
of the ramp area to the start of the zone of "rarefaction" 
(terminology after Eisbacher, 1979) and over the ridge which 
separates the spray area from the main body of debris 
(cross-section B-B' on the map of the Nozzle avalanche, 
Figure B.2). This profile is shown in Figure 4.6 with a 
range of possible trajectories which would allow a boulder 
to impact at the top of the "Spray" area. It is postulated 
that the initial boulders originated in the "ramp" area, 
most probably eces to phempase of this present slope 
(locations 1 and 2) where collisions would be more apt to 
occur, rather than near the crest of the slope (location 3). 

Using ballistics theory a lower bound estimate on the 
initial velocity required to give a boulder such a travel 
range can be calculated. The x coordinate of the block's 
position at any time is given by x = vot cos@>, and the 
Vy COOrdinatesaby y =-VvVotpsant,, = 1/2gt*, where vo 1Sathe 
initial launch velocity, t is time, g is gravitational 
acceleration and 0,5 is the initial angle of trajectory. 
Combining these equations and eliminating t, we can find the 


initial velocity vo needed for various launch angles 6): 
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Figure 4.6 Pile of rubble left from the impact of a boulder 
moving at high velocity. 
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Figure 4.7 Range of possible minimum velocity trajectories 
for boulders which disintegrated in the "spray" 
area at the Nozzle rock avalanche. 
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Vin =/g We i 2(cosé>;) <x -tand’>s -sy) (Eqn. 4.6) 


For cases 1, 2 and 3 the launch velocity vo has been 
determined knowing the horizontal travel range x, and the 
vertical height loss or gain y, needed for a boulder to 
reach the top of the "Spray" area. These values are listed 
instable 4.3. if is apparent ‘that a minimum velocity of 
between 95 m/s and 118 m/s is required for the optimum 
trajectory angle of 45°. At launch angles greater or less 
than 45°, an even greater initial velocity is required. The 
actual launch angle can not be accurately predicted from 
impact markings, however, it was probably between 10 and 30 
degrees since non-elastic energy losses on impact in the 
"ramp" area, would reduce the rebound angle. If the source 
area was between locations 1 and 2 as originally suggested, 
the initial velocity of the projectile would have been 
roughly between 100 and 200 m/s. Accounting for air drag 
effects would allow even higher velocities. Note that in 
Case 1 the minimum launch angle possible due to the impeding 
ridge would be 4.5° which gives an unreasonable minimum 
initial velocity of 547 m/s. 

Even greater velocities than 100 to 200 m/s are 
possible if the shattered boulders which are spread even 
further east along this side of the valley, originated from 
the ramp area. This would give maximum trajectories in the 
order of 1.8 km, not an unrealistic figure considering some 


of the boulders launched from the morainal ramp in the 
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TABLE 4.3 Projectile Velocities for Various Launch 
Angles, 6), Which Would Give the Required Travel Range 
as Shown in Figure 4.5 


Case 1 Case 2 Case 3 

x = 850 m eee Oe x2=" 1620) m 

Degrees Ye = 525 5.-m y = QO om ¥ += 2-290 _m 
0 * ** 229 
5 434 260 183 
10 198 185 159 
20 eae | 128 155 
30 ines) 116 122 
40 oy 109 118 
45 3 103 118 
50 96 109 121 
60 101 116 131 


* Minimum trajectory angle 4.5° 
** Not possible 
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Huascaran event apparently travelled 4 km before impact 
(Plafker et a/]., 1971). 
4.4 Volume and Runout Distance Relationships 

As previously mentioned in the literature review 
(Section 4.2), Scheidegger (1973) and Hsu (1975) have 
verified a proportional relationship between the total 
volume of the mass involved in a rock avalanche and the 
propensity for the mass to move an excessive distance, 
beyond which would be expected for normal frictional 
Sliding. Eisbacher (1979) has produced a similar plot of 
the logarithm of the slide volume versus the excessive 
travel distance for several of the rock avalanches from the 
Mackenzie Mountains. His plot, which admittedly is based on 
rather dubious total volume estimates, does not show a very 
well defined correlation by any means. In fact, a negative 
correlation of volume with excessive travel distance could 
be suggested. He has speculated that the reason for this 
discrepancy lies in the restrictive topographic control at a 
number of the Mackenzie slides. While on one hand a_ 
tortuous course and obstacles are responsible for the 
relatively short runout at U-Turn avalanche, the channeling 
effects at Twin and Nozzle avalanches could be responsible 
for their greater runout distance. Davies (1982) has shown 
shown a good correlation between the deposit length and 
volume, although he purposely neglects the Twin and Nozzle 


avalanches because of their extreme runout. 
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After a more detailed examination of the slide geometry 
and avalanche debris in this study, it was apparent that 
some discrepancies in volumes and runout distances might 
alter the character of the above mentioned plot. For the 
two main avalanches described in this study - Rockslide Pass 
and Nozzle, and for the North and South Twin, Damocles and 
U-Turn avalanches, new volumes were calculated from the 
reconstructed original geometry produced with the aid of 
better survey control, 1:50,000 topographic maps, and 
photographs. Since there are no topographic maps or 
photographs of these sites prior to the failures, these 
volumes must Similarily be considered as the best estimates 
with the available eaten Because of uncertainties in the 
degree of bulking and the entrainment of alluvium or moraine 
in the debris, any estimates of pre-failure volume based on 
the surface exposure of debris would be highly uncertain and 
consequently were not attempted. 

Figure 4.8 is a Hsu-type plot of the re-evaluated 
volume estimates versus excesSive travel distances for 
several of the rock avalanches presented in this study. 
Considering that the abscissa of the plot is a logarithmic 
scale, the correlation is not particularly pronounced. 
Nevertheless, if U-Turn was excluded because of itsS numerous 
direction changes, it would be a fair generalization to 
Suggest that excessive travel distance is vaguely 
proportional to the volume or mass of the initial failure. 


Both the Damocles and the Twin avalanches appear to the left 
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of Hsu's (1975) "mobile sturzstroms" line suggesting that 
smaller volume events are capable of excessive runout 
distances as well. There also does not appear to be a 
distinction between the excessive runout distance for 
confined versus unconfined geometries; for instance, 
Rockslide Pass and Damocles avalanches are not separated 
from the other more confined Bente on this plot. 

For comparison, a plot of the logarithm of the 
equivalent coefficient of friction - the fahrboeschung 
versus the logarithm of the estimated volume (after 
Scheidegger, 1973) is shown in Figure 4.9. The few select 
observations from the Mackenzies show a Similar scatter on 
on this plot as on the Hsu-type plot. It is interesting to 
note the difference between these points and the 
relationship proposed by Scheidegger (1973). A more 
detailed examination of other events from the Mackenzies 
would be necessary to more clearly evaluate this trend. 

It should be noted that both the equivalent coefficient 
of friction, and the excessive travel distance are both 
based on the travel of the most extreme tip of the rock 
avalanche. As pointed out by Cruden (1975), Hungr (1981) 
and others, the more appropriate choice of mobility 
indicator would be the mean travel angle, or the inclination 
of the line joining the centres of mass of the pre-failed 
rock mass and the avalanche debris. In many cases this 
angle is only one or two degrees different from the 


fahrboeschung angle. However, for a few of the Mackenzie 
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events from the Mackenzies there would be a greater 
discrepancy. Because of insufficient data on the thickness 
of debris at most of these avalanches, no attempt has been 
made to calculate their respective mass centres. The 
Significant effects this difference would have on the above 
described correlations should be recognized, however. 

Hungr (1981) makes an interesting point concerning the 
equivalent coefficient of friction for a rock mass 
undergoing simultaneous longitudinal and lateral spreading. 
While internal shearing losses do not modify the 
appropriateness of using Coulumb's Law to calculate the 
equivalent coefficient of friction (as in Heim, 1932), the 
motion of a rock mass which is spreading laterally results 
in an "unproductive" expenditure energy. In other words a 
landslide, such as the Frank Slide which has spread out 
considerably from its original width, would appear somewhat 
less mobile than a narrow channeled one. This modifies 


Egn. 4.1 as follows: 


wp = H/[L + 0.5(1 - b)] (Eqn. 4.6) 


where H and L are the vertical and horizontal displacements 
of the centre of mass, and b and 1 are the original and 
final average width of the debris mass, respectively (Hungr, 
1981). In such cases the fahrboeschung would be a better 
estimate of the effective friction coefficient than the 


tangent of the mean travel angle. 
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For the six rock avalanches examined in this study, 
only one - Damocles - shows an increase in width. The 
remainder also show varying degrees of widening and 
Narrowing but the average final width of the debris is less 
than the original width. This may offer an explanation for 
the pronounced channeling effects, for if Eqn. 4.6 was 
applied, these avalanches would exhibit increased equivalent 
friction coefficients. Consequently these data points would 
fall marginally closer to Scheidegger's (1973) regression 
line for most large landslides (see Figure 4.8). Damocles, 
however, would have a somewhat smaller fahrboeschung value. 

Regardless of these variations on the exact nature of 
this type of volume runout correlation, it can be concluded 
that there is sufficient evidence for the existence of a 
relationship of this type, albeit a poorly defined one, for 
a select group of large, generally confined rock avalanches 
from the Mackenzie Mountains. More complicating factors 
such aS abrupt topographic obstructions or entrainment of 
mobility enhancing material (i.e., saturated alluvium) 


undoubtedly produce some discrepancies in this trend. 


4.5 Flow Characterization 

Within this section a brief examination is made of the 
specific features at some of the Mackenzie Mountains rock 
avalanches which are relevant to a dynamic model. Although 
the intention of this research is not to conduct an inquiry 


into the origin or offer an explanation for these features, 
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it is nonetheless imperative to be aware of these 
complexities when applying a simple model to predict 
movement rates. To this end, only a qualitative assessment 
of these phenomena is offered; a more rigorous mechanical 
approach to the nature of these features is beyond the scope 


Ofte haisnthesis. 


Morphological evidence from a number of the rock 
avalanche deposits is suggestive of a degree of complexity 
not considered by a simple frictional resistance model. The 
existence of transverse ridges or waves, longitudinal 
ridges, crevasse-like depressions, and surface folds in the 
debris (see Appendices A and B) is a fairly convincing 
indication of a more complex, possibly velocity dependent 
rheology. Only a few authors have considered these features 
and their relation to the dynamic behaviour of the avalanche 
in motion. McSaveney (1978) has evidence from calculated 
vertical strain rates in the Sherman Glacier avalanche to 
Suggest that the mass moved as flexible sheet with 
properties of a dilatant Bingham plastic. He offers 
Quantitative explanations for similar features as above by 
analogy to compressional and tensional stresses within the 
debris. More complicated motion is suggested by the 
existence of textural and lithological concentrations within 
the debris, especially as observed at Rockslide Pass. 

A rather common feature of many rock avalanche deposits 


is the presence of xenolithic cones within the runout 


bn 


‘ 
< - 
” 
3 ; 
_— —- 
+ ¥ 
. 
7 rf -" oe | 
— 
4 
. 
) ' . 
¢ 
= | a y 
~ 
> ” 7 
- "S 
+ ‘ ~ 
> < 
re 
- 
2 ‘ 
as 
l 
ot 
: “ 
* 
—— 
, iif 


.¢ 
- “ed 
So ee 
> “nik 
: ee. 


“~ 
‘ie! 
> 
aA 
4 
> 


Pr. 
-” é > 
- 
— 
eee 
&. 
z 
21 ze 
& 
~ 
_-. 
's 
‘i! os 6 
x 4 
“ — Se 
aaah at 
Gs 
nm ~ 
— er 
' " 
> dh we 
ve Fwd 


> nemved? edit oft ester ntessmi tame 


=~ > a 7 
oi sesh? 30 syusen. 


mt 
- bd t o- a os 
75 ‘ : c PP 
— 


AS 


22 


‘7 
i 

uw 
} 

2 
if 
ty 
¢ 


! 
i. 


ad, - * y= rf 
_ * <n A ty % oot + we 
o- 
> : wo hd 
? ; 
ee re - : a 
- ‘ — ‘6 - <d 
4 >< e \ - 
* “7 < . + } 
‘ . "S ou i vif 


ae ] 


2° 6 


‘@idixeti saa bavom 22am add 3 ads da0ges 


> 7 
> ~ Re ao " > tet 
eefa.msadonisf zantsiso @ to a4 ai y 


“a - 0@: » ‘v —— oy : 
timte 20%. enol tansigns syvige iba 
mia 
Pa - r r * a ‘aan a 
isholenss ans. ~AsHie ere ic CJ Yeoss 


we ei noizem basse saa sToM 2iz : 


- 


aaipeloris it Boe Les7e “3 1 to aoe Im: 
a ; ae Rin~- | 


+ “ + ion © Lae ab t fa = t osgee 
1 vnen Io atuisa = 


iw e9nqo dinai foams Ye te 


a. 
a 
ne 


tm 


"7 os 


98 


portion of the debris accumulation (Cruden, 1982; Hungr, 
1981; McSaveney, 1978). Either the processes which create 
such features are absent or mechanical weathering has 
obscured their form since only a few faintly cone-shaped 
features have been noted at the six avalanches examined in 
this study. Similarly, a distal or lateral ridge feature 
(e.g., the Blackhawk landslide, Shreve, 1964) was not found. 
On the other hand a "Spray" or "Spatter" zone extending well 
beyond the limit of larger rock debris was noted at the 
Nozzle, Rockslide Pass, and Damocles avalanches. 

As suggested by Eisbacher (1979) it is possible that a 
few of these avalanches may have actually been’ two or more 
separate events. Such features as the "Spatter" zone, the 
boulder shadow effect (Nozzle avalanche, Appendix A), and 
the superimposed ridges at the U-Turn avalanche are 
Suggestive of more than one stage of movement; an initial 
failure catapults debris far ahead of the main flow which 
follows, over-riding and burying some of the debris left 
previously in the mid-section of the avalanche path. There 
does not appear to be firm stratigraphic evidence within the 
debris for this hypothesis. The implications, however, of a 
multi-stage or perhaps a layered flow are significant; 
velocity prediction models based on a centre of mass 
approximation are probably inappropriate for handling such 


complexities. 
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Rarefaction zones, a term coined by Eisbacher (1979), 
refers to those areas at Nozzle and U-Turn avalanches where 
there are sections along the avalanche path with little or 
no debris accumulation. These peculiar features are 
evidence of perhaps a more involved momentum transfer 
process which manages to catapult debris far ahead of its 
source. Other explanations, such as the incorporation of 
fine grained, saturated alluvium, or melted snow or ice, for 
instance, are not untenable hypotheses for the enhanced 
mobility. A satisfactory resolution of this problem has not 
been found. Additional model or analytical approaches to 


this end would be most useful. 


Boulder Texture and Sorting have been examined at the 
Nozzle and Rockslide Pass aemandnesvana on airphotos at 
U-Turn and Damocles avalanches. No systematic spatial 
distribution of size fractions was obvious from this study; 
the largest boulders appear to be almost uniformly 
distributed on the surface of the debris, with the exception 
of the coherent portion of the ramp feature. In a fashion 
not uncommon to rockfall deposits (Rapp, 1960), some of the 
largest, if not the largest boulders are found at the distal 
tip of the deposit. In one case, at the Nozzle rock 
avalanche, the largest boulder in the debris was located 
almost 300 m beyond the rock debris proper in the distal 
"Spray" or “Spatter" zone. Whether this peculiarity is a 


result of the boulder acquiring a high angular velocity and 
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hence a greater rolling velocity or a greater momentum 
because of its greater mass remains unresolved. 
Alternatively, if this portion of the debris was actually 
Biloating™ alongsonvra shearing surface, why are not more 
large clasts found in the same vicinity? Along the same 
lines of approach, McSaveney (1978) has back-calculated the 
strength of the debris sheet based on the maximum boulder 
Size aS initially done by Johnson (1970). He has then used 
this strength determination as a confirmation of the sliding 
velocity of the avalanche as determined from a simple 
frictional sliding model. These options were not explored 
Since the debris thickness and the depth the large boulders 


were buried could not be determined. 


Stratigraphic congruence, or the preservation of the 
Original stratigraphic order, is occasionally noted in the 
debris of rock avalanches. This phenomenon is most readily 
apparent at Rockslide Pass as shown by Eisbacher (1979); a 
distinct orange weathering rim of rock apparently from the 
basal portion of the failed cliff encircles the periphery of 
the distal end of the deposit. Furthermore the existence of 
dilation features within this deposit lends credence to the 
deformable sheet postulate of McSaveney (1978). 

On the other hand the stratigraphic congruence was not 
noted at the more confined or channeled avalanches, e.g., 
Nozzle and U-Turn. It is possible that a more 


turbulent-like character is dominant over certain portions 
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of the latter events. Sample Reynolds and Froude number 
calculations, despite their approximate nature ( e.g., 
McSaveney, 1978) suggest that the flow is supercritical but 
within the laminar regime almost all the time. While the 
rheological treatment of the topic was not pursued in this 
study it is worthwhile noting that velocity dependent 
resistances (ives; resistance, R = f(v?,v)) used in some 
models for determing avalanche velocities may not be 
compatible with the physical character of the debris 
deposits where evidence for a laminar or turbulent flow 


character is lacking. 


Pore Pressures have often been suggested as a means for 
reducing the frictional resistance of an avalanche. In the 
few avalanches examined here there is little field evidence 
to substantiate their presence throughout the entirety of 
the avalanche. The possibility of there having been 
Saturated alluvium, snow, ice or even small bodies of water 
lying along the avalanche path cannot be ruled out though. 
It is possible that the bubbles noted in the distal exposure 
of the debris at the Nozzle avalanche (see Appendix A) could 
be entrapped air. However, more work would be needed to 
confirm the extent of this phenomenon. Until such time as 
the separation of the debris and the underlying till or 
alluvium can be observed in cross-section, a means for the 
generation and maintenance of pore pressures in a flowing 


and sliding rock avalanches mass will likely remain in the 
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domain of speculation. 


In conclusion, the more enigmatic areas of rock 
avalanche motion (from a selection of such events from the 
Mackenzie Mountains) have been identified and briefly 
examined in this section. It is apparent that the internal 
rheology and energy dissipative mechanisms which are present 
within a moving avalanche remain largely uncertain and 
warrant further investigation. From the briet inquiry made 
at each of six Mackenzie Mountains rock avalanches, some 


general conclusions may be drawn: 


dee The motion of a rock avalanche is more properly dealt 
with by using three or more separate stages of 
movement. Firstly, an initial failure stage imparts a 
preliminary velocity to the coherent rock.mass. A 
disintegration phase soon follows where the mass 
attenuates and loses further energy due to internal 
distortion and dilation. This is followed by a third, 
more complex stage involving both sliding and flow 
within the almost entirely disintegrated mass of rock 
fragments. Depending on the rheology many variations 
on this last mode of movement are possible including: 
sliding seroliung)alaminar;, sturbulient|’A orwplug <hilow.-: 

25 There appears to be a morphological and hence a 
rheological distinction between confined (e.g., Twin, 


Nozzle) and unconfined (e.g., Rockslide Pass) rock 
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avalanches. Such features as rarefaction zones and 
hydraulic jump effects are characteristic of the former 
and are lacking in the latter. Unconfined debris 
Streams including the fan area of the Nozzle avalanche 
typically possess such surface morphological features 
as transverse ridges, longitudinal grooves and ridges, 
folds, and distal and lateral rims. 

The "sliding or flowing" question is largely semantic; 
as evidenced by the observed stratigraphic congruence 
and the well preserved dilation features at Rockslide 
Pass, and conversely the lack thereof, over certain 
segments of some of the channeled rock avalanches, 
there is reason to believe that both sliding and 
flowing are occurring Simultaneously within the mass, 


albeit of varying proportions. 


4.6 Summary and Conclusions 


By way of summary the highlights of the preceding 


sections are briefly outlined: 


1. 


A review of the literature of rock avalanche mechanics 
has revealed a wide range of hypotheses directed 
towards the mobility problem. Ina brief examination 
of some ten postulates it is concluded that probably 
more than one agent is likely responsible for the 
apparent dynamic behavior of a given rock avalanche. 


Definitive deterministic solutions to the travel 
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distance and velocity spectrum questions are probably a 
long time from fruition. Semi-empirical or empirical 
approaches such as the application of equations of 
hydraulic flow or scale modelling offer more reliable 
predictive capablities at this time. 

A review of the velocity spectrum from 18 mobile 
rockslides and rock avalanches has not shown any degree 
of consistency; for a variety of events, local and 
averages velocitiess range: over almostsansordér of 
magnitude. Furthermore, there is evidence for a large 
velocity variation over short distances at a single 
event. Application of superelevation and run-up 
analysis at the North Twin SANA ee shows an upper 
bound velocity range of between 16 and 50 m/s and a 
lower bound velocity range of between 12 and 35 m/s for 
various measured cross-profiles. A simplified inquiry 
into the "spray" feature at the Nozzle rock avalanche 
has shown that the minimum projectile velocities 
necessary to produce the observed feature would be 
between 95 and 118 m/s. 

The empirical volume-runout relationships proposed by 
Hsu (1975) and Scheidegger (1973) were tested with 
re-evaluated volumes from Damocles, Twin, U-Turn, 
Nozzle, and Rockslide Pass avalanches. A poor 
correlation similar to that shown by Eisbacher (1979) 
was confirmed. 


Some qualitative aspects of the debris texture and 
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sorting, surface morphology, internal structure and 
geometry were examined in an effort to characterize the 
mode of movement at some of the avalanches. Numerous 
rheological complexities remain aS an impediment to 
uSing a simple frictional model to predict avalanche 
velocities. A Separation of rock avalanche motion into 
three or more distinct parts is seen as phySically more 
appropriate for analysis, but dynamically indeterminant 
omlese a spectrum of local velocities is available for 
comparison. Furthermore, there is a morphological and 
most probably a rheological basis for distinguishing 


confined and unconfined rock avalanches. 
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5. A MODEL FOR ROCK AVALANCHES 


5.1 Introduction 

Various semi-empirical models which invoke concepts 
from open channel hydraulics have been proposed for 
analysing snow and rock avalanches (see Literature Review, 
Section 4.2). It is the purpose of ene chapter to develop 
Koerner's (1976) two-parameter model and to examine the 
underlying assumptions and limitations of the model. The 
sensitivities of various factors are assessed ina 
parametric study on a test slope geometry. The Frank slide 
is then used as an example to evaluate various travel paths 
applicable for analysis. More details on the formulation of 
the equations of motion used here are contained in papers by 
Koerner (1976, 1980a, 1980b), Perla et a/].(1980), and the 
user's manual for a computer program entitled RADA - Rock 
Avalanche Dynamic Analysis - by McLellan (1982). Only the 
rudiments of the theory will be stated here and the reader 


is referred to the above papers for more background. 


5.2 Theory 

In Chapter 3 the dynamics of the simple sliding block 
analogue were examined with respect to the proposed initial 
failure mechanism. The only resistance acting to slow the 
motion of the mass was that of friction, R,. As shown by 
Heim (1932), the average coefficient of friction ona 


Sliding block is given by the fahrboeschung or the 
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inclination of the line joining the top of the pre-failed 
block and the distal tip of the debris. Voellmy (1955) 
proposed that a second resistive force acts to slow the 
motion of snow avalanches; evidence from powder avalanches 
suggested that turbulence was a common feature of these 
eicne movements. Hence the analogy to a velocity squared 
dependent turbulent resistance, such aS used in water flow. 


This resistance, Rz is given by: 
Rane pgtw? 7 (Eqm.. 5.1) 


where v is velocity, & the turbulence coefficient, p is the 
density, and g is gravitational acceleration. Using a 
Simplified bilinear geometry and an assumption regarding 
flow depth, a prediction of snow avalanche velocities and 
pressures in the runout zone could be made. 

Salm (1965) suggested that the sum of resistances R, 
acting to slow a snow avalanche, could be represented by a 
polynomial with three terms accounting for frictional 
(velocity independent), viscous (velocity dependent), and 
turbulent (velocity squared dependent) resistances (see 
equation 4.2). He found the velocity dependent term to be 
inconsequential in comparison with the velocity squared 
term. Because of evidence suggesting that rock avalanches 
attained high velocities over much .of their path, it was 
Similarly felt that the viscous resistance term would be 


insignificant (Koerner, 1976). This assumption may be 
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incorrect and a discussion of evidence to the contrary is 
presented later in this chapter. The solution to the 
differential equation of motion is now presented in a 
Similar fashion as done by Koerner (1976). 


From Newton's Second Law: 


m dv/dt = F, - (R,+R2) Chom roe) 


where m is the mass of a body in motion and dv/dt is the 
time rate of change of velocity. As shown in Figure 5.1, 
the basal resistance R,, acting against a sliding 


disintegrating element is given by: 


R, = u(Dppg cosB - U) (Rant. 523)) 


Bue eepelom ne OynaMicecoOer 11 clentaon friction, Dr 1s the 
depth of flow measured perpendicular to the slope, B is the 
slope angle and U is an uplift force (due to pore pressures) 
along the base of the element. Similarly, the driving force 
F,, may be expressed as mg sin, where m is the mass of the 
element. Substituting F,, R,, and Rz into Eqn. 5.2 one 


obtains: 


Medvydt =«mg=sinp - u (De pg Coshe-1U)-» pov /7t (Eqn.-5%'4) 


After simplification and the substitution of ry, equal to 


the ratio of the uplift force to the normal component of 
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DRIVING FORCE Fyz mgSinB 
FRICTIONAL RESISTANCE R,= (Dg pg CosB—U) 
DYNAMIC RESISTANCE Ro= pg x 


A COLUMNAR ELEMENT OF UNIT 
; J SURFACE AREA, MASS,m 


ACCELERATION OF ELEMENT ' 
az g(Sin8 —uCosB (1—RU)}+ 2 


~~ 
~a 
~~ 
“ae 
~~ 


RU = UPLIFT FORCE K = Dgt 


NORMAL COMPONENT 
OF WEIGHT 


NOTE: LATERAL FORCES ON ELEMENT NOT CONSIDERED 
(SEE TEXT FOR EXPLAINATION OF SYMBOLS) 


Figure 5.1 Simple model for frictional and dynamic 
resistances in a rock avalanche. 
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weight, the acceleration a of the 
AeenO Sip feat ore de COSB) ituve/k 
where k = Deé/g. 


When the acceleration of the 


in equilibrium with the resisting 


10 


element can be given by: 


(Panamib 5) 


body is zero, the mass is 


forces and the velocity is 


given by v,, the "critical velocity": 


Vea PDO ten Sin pdaetli a1.) cose). ) 


Orel Sesy, 


The differential equation of motion of the form shown 


in Eqn. 5.6 was solved by Koerner 


(1976), for the movement 


of an avalanche over a variable slope. The velocity of the 


avalanche vj ,at the end of segment i, for a small travel 


distance As; , is given by: 


yi = | (yz (exp(2Asj /k) - 1) + v2,) (Eqn. 5.7) 


GxDUZis: 


The 7p twtermewillehenceforth be rreferred. tosasathealdynamic" 


resistance parameter and will be denoted bysD. seNote4that 


the dynamic resistance is inversely proportional to the 


dynamic resistance parameter (Eqn. 


5.1). Furthermore the 


lowest resistance and consequently the highest velocities 


are produced for the highest D values. While it is 


recognized that the depth of flow and the "turbulence" 
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coefficient undoubtedly vary over the length of the 
avalanche path, it is assumed here, as was done in a similar 
manner by Koerner (1980a, 1980b), Perla et a].(1980), and 
Bakkehoi et a].(1981), that the product of the two is a 
constant. Note that as D approaches infinity, Eqn. 5.8 
yields the velocity of a sliding block. The critical 
velocity ve is largely the determinant of the real velocity, 
i.e., when the critical velocity is greater than the real 
velocity “the mass “1s accelérating and “it 1s decelerating 
when the the critical velocity is less than the real 
velocity. 

The final reach or runout distance, As; on the last 


segment of a profile for an avalanche is given by: 
Boge D/ 2ovrer iA lee ev Veen) (Eqn. 5.8) 
I 


With equations 5.7 to 5.9 inclusive, the velocity and 
reach of an avalanche can be predicted: knowing only the 
slope geometry and the proper choice of frictional and 
dynamic resistance parameters wand D. Similarly, the range 
of (u, D) pairs which will predict a given runout distance 
may be back calculated in an iterative process from just the 
geometry. It is also possible to assess the effects of an 


uplift force which reduces the normal component of weight. 
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5.3 Limitations of the Model 

This numerical solution of a two-parameter avalanche 
model must be construed as a simple attempt to describe a 
complex physical process. The method is semi-empirical in 
the sense that, although it 1s based on certain physical 
principles, the exact nature of the frictional and dynamic 
resistances is probably grossly simplified. Several 
assumptions have been made in the model without due 
consideration of their effects. Basically, the limitations 
of the model fall into two categories: firstly, analytical 
and computational problems, and secondly, the physical 
characterization of the avalanche process. 

A "uniqueness" problem arises in the step-by-step 
solution of Eqn. 5.8 to find the optimal (u,D) pair. There 
is an infinite number of (u,D) pairs and corresponding 
velocities for each profile segment for a given set of 
boundary conditions. These are the profile geometry and the 
initial and final velocities equal to zero. Ona plot of 
the frictional parameter versus the logarithm of the dynamic 
parameter this function is bounded by the two limiting slope 
angles. The function will henceforth be referred to as the 
"characteristic resistance relationship". Even if the 
velocities were known at several points along the avalanche 
path the uniqueness problem would still exist, albeit 
somewhat more restricted. In addition, the analysis shows 
that for rather wide variations in uw and D, velocities 


produced are quite reasonable based on the limited field 
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evidence available and suggested velocity ranges from 
Similar events (see Section 4.3). Consequently an exact 
solution to the problem is not possible with a two or three 
parameter model. 7 

The more serious limitations of the proposed model stem 
from inconsistencies in matching the model to the actual 
physics of rock avalanche motion. As pointed out in the 
previous chapter the physical characterization of the motion 
is an enigmatic area, still largely unresolved. While the 
two model parameters here do account for many of the 
uncertainties, there is, nevertheless, some question about 
their appropriateness. 

Whether the movement of a rock avalanche is within the 
turbulent or laminar flow regime depends upon a number of 
factors. Simple Reynolds number calculations and 
observations by Eisbacher (1979), Erismann (1979), McSaveney 
(1978), and Johnson (1978) as well as the writer, would 
suggest that turbulent flow, taken in its classical sense, 
is seldom achieved. The maintenance of stratigraphic order 
and the jigsaw puzzle effect within rock avalanche deposits 
lend credence to plug-flow or deforming flexible sheet 
analogies. The physics of these phenomena are largely 
speculative as well. - There is, however, justification for 
uSing a velocity squared dependent resistance aside from 
Strictly empirical reasons. Koerner (1977, 1980b) relates 
his so-called "scattering" and "rolling" motion within an 


avalanche to Bagnold's (1954) dispersive pressure model. 
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Consideration of the boundary shear stress results ina 
dynamic resistance formulation analogous to the Chezy flow 
formula with a velocity squared dependence. Consequently it 
is deemed preferable to denote the velocity dependent term 
here as a "dynamic" rather than a "turbulent" resistance, 
Since the latter implies a random motion of particles ina 
elassical ‘fluids«sense. 

| The equations developed in the previous section arise 
from the application of Newton's Second Law; consequently 
the motion of the avalanche refers to the centre of mass of 
a body, be that a group of particles or a continuum. 
Difficulties which arise in the choosing of an appropriate 
travel angle have already been mentioned in Section 4.2, but 
the choice of the best travel profile for this analysis is 
yet another difficulty. To know the approximate travel path 
of the body's centre of mass would be ideal. However, this 
is nearly impossible to define prior to a failure. 
Furthermore the extent of the attenuation of the 
disintegrating debris mass would be most difficult to 
estimate. To this end, the entire travel path from the top 
of the failed block to the distal end has been used because 
it may be obtained most easily. Alternatively the 
approximate motion of the centre of mass could be analysed 
Or perhaps the motion of an element of mass near the front 
of the initial failed mass could be used. The effects of 
using these different motion paths are considered in 


Section 5.4. 
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The well documented avalanche mobility dependence on 
volume or mass is not accounted for in this particular 
model. Similarly, there is no capability for altering the 
density of the flow along its path. The entrainment of 
surficial material and subsequent enhanced mobility or 
inertial effects are not considered. Losses of debris along 
the travel path are, likewise, neglected. The slight loss 
in downslope velocity from the centripetal acceleration 
effect on a curved slope is not considered in the analysis 
as was done by Perla et a].(1980). However, because of the 
Similar derivation of the equation of motion, the mass to 
drag ratio (M/D) in Perla's model is identical to the 
dynamic resistance parameter D of this model divided by 
gravitational acceleration (D/g). 

Another element not considered in this formulation was 
a means of accounting for impact losses at abrupt changes in 
Slope. Perla et a/].(1980) have proposed a correction for 
momentum lost at a slope transition, but the effect is 
relatively minor where a smooth concave profile is 
approximated by a large number of straight line segments. 

The effects of poorly defined processes such as 
"lubrication" by mud or frictional heating are not dealt 
with explicitly; rather these mechanisms can be thought of 
as being concealed in the frictional resistance term un. 
Similarly other proposed mechanisms such as fluidization, 
liquefaction or dispersive pressures are not handled 


directly in the model. They may however, also be thought of 
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as reducing the dynamic friction uw by the factor (1-r,). 
The ty ratio, aS previously defined, accounts for uplift 
pressures within the basal portion of the mass. Other 
energy dissipation schemes such as air resistance or sound 
which have been suggested in the snow avalanche realm are 
deemed to be relatively minor considerations for rock 
avalanches. 

Finally, no account is taken of the confinement or 
lateral spreading effects, although, these could also be 
handled by altering the dynamic frictional coefficient, u. 

In summary, the proposed model presents an almost 
"black box" approach to the determination of relevant 
velocities and runout distances. A number of physical 
processes, which are as yet only vaguely understood, are 
accounted for by a simple frictional and dynamic resistance 
pair. While much of the uncertain physics can be 
conveniently concealed within these parameters, the 
selection of the appropriate travel path for analysis is 
perhaps a more limiting factor in the extensive application 


of the model. 


5.4 Computer Program RADA 

A computer program entitled RADA - Rock Avalanche 
Dynamic Analyis - was developed to solve the differential 
equations of motion for a variety of geometric 
configurations and program options. Only the rudiments of 


the program are described here and the reader is referred to 
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the Users Manual for RADA (McLellan ,1982) for additional 
details. 

The simplified flowchart shown on Figure 5.2 
illustrates the logic route followed in Option 1 of program 
RADA. The sequence begins by reading the name of the 
particular avalanche, the number of profile segments, the 
program option number, the estimated volume, and a pore 
pressure factor. Next, the number of resistance pairs to be 
evaluated and the increment to be added to the dynamic 
resistance parameter is read. This is followed by the 
profile data which consist of a slope angle and a distance 
for each profile segment. An example of input is shown in 
Table .5. 1, | 

The program begins by computing the fahrboeschung or 
slope of the line joining the crown and the tip of the 
avalanche debris. Next, the area ratio is calculated. This 
parameter was devised in order to investigate the hypothesis 
that profiles with a steep initial drop, hence a higher area 
ratio, are more apt to display an excessive travel distance. 

The initial value of the dynamic resistance parameter D 
is then set. The procedure followed for finding a (u,D) 
pair is to search for the value of the frictional resistance 
parameter uw which forces the avalanche to stop at a given 
end position. This is accomplished by setting an initial 


guess for wu as; 
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TABLE 5.1: Sample Input data for Program RADA, Option 1 


Dynamic 
No. of D Parameter No. Profile Vol ume 
Increments Increment Segments Option No. x 105m> ry 
Nozzle Slide, NWT. 
20 10000 17 1 75 0.00 

30.0 400 

25-0 280 

4.0 1050 

14.0 115 

A759" ¢ 295 

8.5 677 

TsO) 50> Profile Data 

2.0 570 -segment slope angle 

8.7 263 and distance 

Velemeo2> 

4.8 482 

Se2 ~S27 f 

Sem 10 

3.8 150 

aso. 301 

0.9 625 
305 pw de) 

Sample output from program RADA, Option 1 for 
n= 0.0653 D = 40,000 m¢/s2 
NOZZLE SLIDE,WNWT. FRICTIONAL PARAMETER & ©.0683 
VOLUME «& 78.0 MILLION cu. Mm. DYNAMIC PARAMETER & 40000 M/S2®22 
RU VALUE ®& o.°0 


FAHRBOSCH UNG 2 0.133 
EXCESSIVE TRAVEL DISTANCE «& BEB METERS 
TOTAL TRAVEL DISTANCE & 7286 METERS 
TOTAL ELEVATION LOSS & $48 METERS 
= 


AREA RATIO On 377. 
SECTION ANGLE DISTANCE INITIAL CRITICAL VELOCITY REAL VWELOCITY 
(m™) VELOCITY (m/s) (M/S) 
(m/s) 

4 30.0 4200 °o.0 Nivea $6.2 
2 286.0 280 $6.2 120.6 68.0 
3 4.0 1080 68.0 13.6 §3.2 
4 14.0 118 S3.2 ea.s 65.4 
5 ide te 295 B5.4 $8.0 63.1 
€ 8.6 677 63.1 Siicc7 61.6 
zi 7.6 303 61.6 $2.0 60.4 
& 2.0 570 60.4 zesus 49 .€ 
$s a7 263 4s .6 $8.9 $0.8 
10 $.2 623 $0.8 61.8 $3.9 
11 4.8 482 53.9 27-23 49.5 
12 4.2 827 49.5 18.0 43.7 
13 28 150 O.7 6.7 40.3 
4 3.8 150 40.3 6.7 38.8 
15 3.8 301 38.8 6.7 36.2 
16 °o.8 625 36.2 seage 21.0 
17 3.3 175 rap eke) sears ©.0 


TOTAL TRAWEL TIME #& 167.9 SECONDS 
AVERAGE WELOCITY = 43.4 m/s 
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where FMAX and FMIN are the fahrboeschung and the tangent of 
the shallowest segment slope, respectively. The velocities 
at the end of each segment are then computed and if the 
avalanche stops short or goes past the end position a new 
estimates! One, 15, 1SC0 weet f cit, Stops ishort,..b.e.,,,,.the final 
segment velocity is less than 0.0 m/s, u(2) is found by 
SubScibuting wl tasior we MAX+in Eon.,.5.10.) L£Etitigoes past, 
i.e., the final segment velocity is greater than 0.10 m/s, 
the next guess for u(2) is found by substituting uw(1) for 
FMIN. The procedure 1S repeated up to 25 times if 
necesSary, until a w value is found with at least a three 
figure accuracy and the final segment Velocity drops into 
the range 0.0 to 0.1 m/s. Usually this is accomplished with 
less than 5 iterations. A Similar algorithm for finding a 
Lesistance pain to ssatisfyethe Startsand end,positions, but 
uSing a predefined frictional resistance was found to be 
unsuitable because of numerical instabilities generated 
while trying to isolate an optimal D parameter. A series of 
tests is used in the program to circumvent other numerical 
problems which arise when velocities drop to zero before the 
final ees segment. 

When an optimal resistance pair is found that forces 
the avalanche to stop at a given end position, the total 
time and average velocity over the travel path are computed. 
Unless the complete dynamic and frictional resistance 
relationship has been determined, the program returns to 


define a new D and the above algorithm is solved for a new u 
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value. Normally twenty resistance pairs are adequate to 
define the relationship which becomes asymptotic to the 
maximum uw value (see Figures 5.4 to 5.9 later in this 
chapter). The program then prints a table which gives the 
avalanche name and volume, the frictional and dynamic 
resistance coefficients, various geometric indicators and a 
Inéeting-ot het ingitwvale i critical®andsreal velocitiessfor 
each profile segment (see Table 5.1). 

There are 3 major options available with the program. 
Option 1, as outlined previously, is used to define the 
unique frictional and dynamic resistance relationship for a 
given avalanche profile. A pore pressure assumption may be 
used in this, and the other options. Option 2 is used in a 
predictive fashion to determine the runout distance and 
velocity spectrum for an Evadanclve given only a slope 
geometry and a predetermined (u,D) pair. Option 3 is 
Similar to Option 1 for it calculates the frictional and 
dynamic resistance relationship for a given slope profile 
where the starting and end positions are known. This option 
allows for the input of an initial velocity at some position 
in the travel path. This could be used, for example, to 
determine avalanche mobility after an initial portion of the 
path where sliding motion predominated over a flowing or 
velocity squared dependent motion. 

Other program options are available which generate 
plots of the avalanche path, the frictional and dynamic 


resistance relationship, and the velocity profiles for 
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various (u,D) pairs. 


5.5 Parametric Study 

To better evaluate the effects of varying geometries, 
uplift pressures or initial velocities on the characteristic 
resistance relationship a limited parametric study was 
conducted on a representative test profile. The sensitivity 
of the relationship to these influences is of considerable 
importance; for instance, the function is greatly influenced 
by uplift pressures but only minutely affected by certain 
changes in slope geometry. Evaluation of these effects for 
a given profile will be of value later, when rock avalanches 
of varying geometry and material constituents are examined 
(see Chapter 6). 

It is worthwhile noting that the characteristic 
resistance relationship, is not a unique solution to the 
equations of motion. There is actually only one (u,D) pair 
which satisfies the boundary conditions and consequently 
produces a velocity profile matching the real velocity. But 
because this particular pair cannot be uniquely defined and 
velocities from a wide range of (u,D) pairs are reasonable, 
no attempt to isolate a particular resistance pair has been 
made. The effects of these factors on the relationship are 
usually apparent without the need to determine an optimal 
resistance pair. 

The test profile geometries used in this parametric 


Study are illustrated in Figure 5.3. The basic profile 
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SEGMENT 14 SEGMENT ®@ BEGMENT 32 
30° 10° os 
200 m 1000 m 3000m 


FARHBOESBCHUND 20188 


TEST PROFILE 


TEST No. thane A ned aan, TESTING BFFECTS 
m OF 
A.. 
B 
GBOMBTRY 


ez. 
GEOMETRY 
— 
sc : 
« 
GEOMETRY 
(FARHBOE BSCHUNG 
CONSTANT) 
=e 
GEOMETRY 
(PARHBOESCHUNG. 
CONSTANT} 
E.. 
q UPLIFT PRESSURE 
F. 
100 m 
20° 
Ve 


INITIAL VELOCITY 


Figure 5.3 Test profile geometries for parametric study. 
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consists of 3 linear segments of variable inclination and 
length: Segment 1, 30°, 200m; Segment 2, 10°, 1000m; and 
Segment 3, 5°, 3000m. The fahrboeschung for this profile 
is 0.129. This particular geometry was chosen because it 
represents a typical rock avalanche profile from the 
Mackenzie Mountains; a 200 m shallow dipping initial slope 
is proceeded by a relatively flat runout slope of 4 km 
length. Six test analyses were performed on the profiles 
shown in Figure 5.3 to assess the effects of geometry, 
uplift pressures and initial velocity. 

In the first two tests the effects of different 
geometries and a varying travel angle are examined. In Test 
A the characteristic resistance relationships for the basic 
test profile and several profiles modified by shortening the 
length of the final runout slope were evaluated. These are 
shown on Figure 5.4. Note that uw is plotted against the 
logarithm of D in order to accentuate the changes in the 
function. A lower bound limit for D is arbitrarily set at 
100 m?/s?. Below this value numerical instabilities arise 
which render the u solving algorithm incapable of finding an 
optimal resistance pair. In Test B the fahrboeschung is 
Similarly altered for a series of profiles with varying 
travel distance on. the initial slope (Figure 5.5). 

Both these plots indicate the significance of 
geometrical factors on the characteristic resistance 
relationship. Changes in the final runout segment distance 


or the initial slope length alter the fahrboeschung which 
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Figure 5.4 Characteristic resistance relationship for Test A 
- an assessment of the effects of travel distance 
on the last slope. 
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Figure 5.5 Characteristic resistance relationship for Test B 
- an assessment of the effects of travel distance 
on the initial slope. 
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defines the maximum resistance attained for entirely 
frictional energy losses. The effect is more pronounced for 
large changes in the final runout segment length. Also of 
importance is the fact that these geometrical changes did 
not affect the lower bound frictional resistance attainable 
here - that value being equivalant to the slope of the 
Shallowest profile segment. Note also that the change in 
the final runout slope length also induces a translation of 
the first inflection point in the characteristic resistance 
curve at a point just greater than the minimum frictional 
parameter. From these two tests, we may therefore conclude 
that the upper and lower bound limits to the frictional 
parameter uw are the fahrboeschung and the slope of the 
shallowest segment, respectively. 

Tests C and D (see Figure 5.3) were conducted for a 
series of profiles each with an identical fahrboeschung of 
0.129. In Test C the influence of the length and 
inclination of the initial slope segment was assessed. As 
previously discussed, the area ratio for a profile with a 
steep initial fall is higher than the area ratio for a 
profile with a shallow dipping initial slope. Consequently 
high velocities are possible earlier in the case of the 
steep slope, and it might be expected that a different (u,D) 
pair would be needed to produce the Same runout as the 
example with a shallow initial slope. As seen in 
Figure 5.6, this is not the case. The characteristic 


resistance relationship is relatively insensitive to the 
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10° 


DYNAMIC PARAMETER D (N/S)**2 
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Figure 5.6 Characteristic resistance relationship for Test C 
- an assessment of the effects of the length and 
inclination of the initial slope for the same 
fahrboeschung. 
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Figure 5.7 Characteristic resistance relationship for Test D 
- an assessment of the effects of the length and 
inclination of the runout slope for the same 
fahrboeschung. 
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initial slope, at least for the range of inclinations and 
lengths analysed with the test profile. The velocities 
attained at the end of the initial slopes in these tests 
(for D = 10,000 m?/s?) are also quite similar: 54 to 49 m/s 
for Cases A to D. Only in Case E is the initial velocity 
(35 m/s) appreciably lower than these values. 

The effects of the length so inclination of the final 
runout slope on the resistance relationship are quite 
pronounced as demonstrated in Figure 5.7. In fact, the 
frictional parameter may have quite a range, depending upon 
the inclination of the last profile segment. No matter what 
the profile is before the last segment, the lower bound 
value of the frictional parameter will be the tangent of the 
last segment's slope angle. Consequently for a slight 
run-up of the debris at the terminus of an avalanche, the 
solution yields a negative friction parameter as the dynamic 
resistance increases (D value decreases). This anomalous 
result would appear to be physically impossible, although it 
does satisfy the boundary conditions of the problem. 
Nevertheless, other applications of the model to similar 
geometries (see Section 6.2) suggest that the negative 
frictional parameter is uSually inadmissible since the 
Or eu tetedkar cnage velocity range is often below the normal: 
range of average velocities based on eyewitness accounts. 
There are exceptions to this generalization, however (see 


Section 5.5). 
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Also shown on this plot are lines connecting the 
average velocities of 20> 30,,and’40 m/s for each of the 
test geometries. These lines span a wide range of 
frictional and dynamic parameters. Consequently, even if 
one could reasonably limit the range of the average 
velocities possible, a judicious choice of the most 
appropriate (u,D) pair remains as an impediment to using the 
model for prediction purposes. 

In Test E the influence of uplift pressure was 
assessed. “Four examples with r, factors of 0.2, 0.4, 70.6 
and 0.8 were analysed using the test slope profile. As seen 
in Figure 5.8, the assumption of an uplift pressure equal to 
some factor times the normal component of the overlying 
weight results in a translation of the characteristic 
resistance relationship to the right. The upper limit on 
the frictional parameter is given by the fahrboeschung 
divided by (1-ry). Similarly the lower limit on the 
frictional parameter is given by the tangent of the minimum 
Slope angle divided by (1i-ry). It is interesting to note 
that an ry value of 0.8 allows for a frictional parameter u 
within the range of values normally expected for peak 
Sliding friction coefficients for hard rocks 
(0.7 > p >2005).. Certainly it appears that uplift 
pressures, be they air, gases or water, have a significant 
effect on the characteristic resistance relationship, when 
applied in this form. Notwithstanding the fact that the 


generation and maintenance of this phenomenon is a poorly 
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Figure 5.8 Characteristic resistance relationship for Test E 
- assessment of the effects of uplift pressures. 
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Figure 5.9 Characteristic resistance relationship for Test F 
- an assessment of the effects of initial 
velocity. 
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definable feature at most rock avalanches, it is clearly 
demonstrated that the application of this simple theory, can 
produce dramatic changes in the resistance function. More 
elaborate schemes with the initiation of uplift pressures at 
the end of a disintegration phase, followed by dissipation 
analagous to a consolidation type process, are also possible 
but extend beyond the scope of this treatment. 

Option 3 of Program RADA allows for the input of a 
pre-determined velocity at some point in the profile. To 
assess the affect that this may have on the characteristic 
resistance relationship a series of initial velocities was 
used with the test profile shown in Figure 5.3 (Test F). 
Initial velocities of 0, 10, 20, 30 and 50 m/s were used as 
the input for segment 1 of the profile and the (u,D) 
resistance relationships were subsequently determined for 
each case. As shown in Figure 5.9, the use of an initial 
velocity has the general effect of altering the frictional 
resistance parameter uw, while still allowing the avalanche 
to stoptateat givens locatwon USi=t this-initiale velocity. is in 
excess of that velocity which would be calculated with the 
maximum frictional resistance parameter - the fahrboeschung 
- then the maximum allowable uw value shifts to the right of 
the fahrboeschung. For instance, assume that the initial 
velocities tested in Figure 5.9 (except Case A) were 
acquired after sliding along 100 m of the initial slope 
inclined at 30° (above one Start of Segment 1). This 


modified profile would correspond to a new fahrboeschung 
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of 0.138. Consequently all initial velocities in excess of 
27 m/s, which is the velocity found with uw = FMAX = 0.138, 
will shift the maximum frictional parameter to the right 

of 0.138. Similarly for initial velocities less than 

27 m/s, the maximum frictional parameter shifts to the left 
of 0 438. 

While this translation of the upper bound frictional 
parameter for input velocities may produce a significant 
alternation of the characteristic resistance relationship, 
it should be noted that the change produces only minimal 
differences in the (u,D) pairs from the range of the dynamic 
resistance parameters deemed to be relevant for the 
Mackenzie Mountains rock avalanches. 

The significance of the results from this parametric 
Study will be apparent in the application of the model to 


more complex geometries (see Chapter 6). 


5.6 An Appropriate Travel Path - The Frank Slide Example 
One of the assumptions used in the derivation of the 
equation of motion is that the driving and resisting forces 
act on a body as though its weight is concentrated at its 
centre of mass. ‘Regardless of whether the body is rigid or 
disintegrated the motion of its centre of mass along a 
centre line is jetcaused by Newton's Second Law. In the 
case of most snow avalanches and some rock avalanches the 
centre of mass of the initial failure block follows a path 


Similar to the profile taken from the top of the highest 
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block to the most distant tip of the debris. Negligible 
differences arise in the solution when the more concise 
centre of mass approach is used. Furthermore, the entire 
profile is much simpler to reconstruct for analysis than a 
centre of mass travel path. 

This approach is adequate for many rock avalanches 
where the attenuation of the debris is inhibited. However, 
‘several examples from the Mackenzie Mountains may not be 
amenable to this simple treatment - particularly those 
events where the "ramp" feature may contain upwards of two 
thirds of the displaced mass. A sufficient number of debris 
thickness measurements was not available to construct an 
lsopach map of the debris at the avalanches examined in this 
study, but preliminary estimates suggest that significant 
differences between the crown to distal tip measured travel 
angle and the mean travel angle (joining the centres of 
masses) exist at the Nozzle and Rockslide Pass events. 
Further clarification of the appropriate travel path to use 
at these and other events is required if the physics of the 
motion equation are to be rigorously satisfied. An even 
more difficult task would be to evaluate the expected degree 
of attenuation in the debris prior to a failure. 

Irrespective of the above reservations concerning the 
appropriate travel path, the previously described model has 
been used for such landslides as Elm, Huascaran, Goldau 
(Koerner, 1976) and Rubble Creek (Hardy et a/., 1978). For 


analysis purposes directed towards the prediction of runout 
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distance and not necessarily the appropriate velocities, the 
entire profile approach would appear to be adequate in these 
examples. 

On the other hand, the Frank Slide in Alberta exhibits 
a marked difference between the centre of mass travel path 
and the entire, top to end, travel path. A cross-section 
showing the two travel paths is shown in Figure 5.10. A 
third possible travel path, which may be more appropriate 
than the above two, is also shown (c-e). By analogy to a 
fluid, the motion of a particular element of mass at the 
base of the initial failed mass can be examined. Assuming a 
plausible initial velocity at some distance beyond the base 
of the failure block, the characteristic resistance 
relationship for its travel path to the end of the debris 
can be found. This approach ts attractive because it is 
compatible with the observed stratigraphic congruence noted 
at many such events. In contrast, the entire travel path 
from a to e on Figure 5.10 would suggest that material at 
the top of the mass finds its way to the very end of the 
avalanche - a supposition contrary to field observations. 
It may also be that the "fluid element" travel path approach 
requires an altered equation of motion which will satisfy 
the lateral force imbalance at the front of the flow. This 
deficiency was not examined since the intention here is to 
assess, in a general fashion, the consequences of a variable 


travel path. 
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For the above described travel paths the characteristic 
resistance relationships were found (Figure 5.11). As 
expected, the upper and lower bound frictional parameters 
for the entire profile and the centre of mass profile are 
given by the fahrboeschung and the minimum slope angle, 
respectively. Because the fluid element profile has a path 
identical to the entire profile below point c, the two 
curves converge on the same minimum frictional parameter 
of 0.080. Upon initial inspection it appears that the range 
of resistance pairs which will satisfy the various travel 
paths is rather large - the frictional parameter ranges from 
about 0.1 to 0.4 while the dynamic parameter varies over 3 
orders of magnitude. Using the best eyewitness estimate of 
the total time for the event (Anderson, 1979) an average 
velocity of 35 m/s is calculated for the total travel path. 
This is probably high because all the debris did not travel 
the entire length as shown on Figure 5.10. Using a centre 
of mass travel path an average velocity of 18 m/s is 
estimated. As shown on Figure 5.11, the (u,D) pairs 
matching these best estimates of the average velocity, are 
located very close to minimum frictional resistance, while 
the dynamic parameter ranges between 1,000 and 10,000 m?/s?. 

From the above exercises it must be concluded that the 
use of a centre of mass analysis can produce a radically 
different characteristic resistance relationship from that 
obtained from using the entire profile or a "fluid element" 


profile. In the case of the Frank slide this variability is 


“ shaeixbzantads edneg “ | 


as aft Pat eine sot 4 7 ba 3 
z1sjansteq Isnoitoh bruod 7 es 
s42 6 
oan 


sips <@ete mumtaim ad? BAe 


3c elfiotwg #esn to e1snes 


dtaq a aed eliiasg ineasis Slvit edd 4 vise 


owt adt .o Nifeq woled elitosg ox fhe. ofa 


a 6 
> . » ® — > 7 : vf. Se % 
19tensteQ isnoisolt? aumcnim emae att ae Sgoteyv 


spAs 2 2d ted? aissaqea tf mogsoaqene & tsising ae 


i] 
(evert avoivav edt 9 Te Peed tite -doray ake! 
: a" wees per 
>i eepas7 tscvametag [ameltsis? edi —- Spee aeeeeee 
_ 


* geve esizey iatemaisg simanyh sd? ei iiwet se eigen 
46 sfiamizes sesntiweyvs teed eft prev .sbusingsm Xe 
spereve ma (2T2t ,aoerzebnA) tneve oct TOR emer ae 
witeq [overs Is70t oft 10% betalusiaos ef Sy ee 
evers fon BiB 2ztideb sty ffs. sevecsa pie tidedomta 
vatneo ps _pniet .0°.2 o2ugit no nwoda as Aggaeioe ofS 
ef a\m GIF Jo Ystoossy Ssosisvs AS djseq leva + 2 
: 7 
azisq (Gya) add .tl.& stupis no avode eA 
7 aah 
sis ,¥Yjinoisv speisve of 3 to setenites seed) Seedy gee 
siidw .sonszatee? Jancltoia? muginim-ed seois ge 
‘e\'m 000.0f Bas 000,) seented 2opnst Teiemeteg, 
L] 
eit itsd3 babulones ad daum 32 easetatsxe eveds odd 
vyilsoi6s1 s sovbowq nao eieylans Bé@am Io e1dn98.4 


jad? most gidencisesis2: sonsetei2ss siseitegossees _ 


Oy  caraig : ’ a oh 
jnsmele Siyl?" s 10 slileig asitns sd? gniew Bost oe 


= 


et ytilidsizsay aids sbife Ansyi eds to -seaa a 


137 


LO? 
FMAX=0.230 


FLUID ELEMENT PROFILE 
A VI=30 M/S 
B VI=40 M/S 
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DYNAMIC PARAMETER D (M/S)**2 
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Figure 5.11 Characteristic resistance relationship for the 
Frank Slide for three travel paths. 
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found to be largely insignificant for velocity determination 
Since only a small range of (u,D) pairs will reproduce the 
Same average velocity as that calculated from eyewitness 
accounts of the total travel time. Runout prediction, 
however, iS quite sensitive to small (u,D) variations. Had 
the relevant dynamic parameter ranged between 10,000 and 
100,000 m?/s? the range of the frictional parameter would be 
much greater, and consequently the choice of an appropriate 
travel path would be most important. 

Resolving the travel path question is further 
complicated by lateral spreading or confinement which should 
alter the frictional resistance term in the equation of 
motion. Therefore, because of this problem and the 
difficulties in ascertaining the degree of longitudinal 
spreading beyond the centre of mass of the avalanche debris, 
the procedure followed for future analyses will be to use 
the entire travel path where available. Although this may 
be inconsistent, in some cases, with the actual physics used 
in the velocity derivation, it does offer a somewhat more 
reliable and proven method for a semi-empirical prediction 
of runout. Further exploration of the validity of this 
assumption can only be undertaken once the location of the 
centres of mass from the landslides cited in this Study are 


determined. 
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5.7 Discussion and Conclusions 

A model for rock avalanches, based on analogous 
theories of motion for snow avalanches has been examined, 
modified and applied in this chapter. While considerable 
differences exist between the density and strength 
properties of snow and rock it is proposed that the same 
physical laws can be used to model the motion of these 
phenomena. Many uncertainties arise in the choice of 
appropriate parameters in this model, although some problem 
areaS are circumvented by combining the effects of a few 
poorly defined influences into one single frictional 
resistance parameter. The equations of motion as originally 
Gerived by Koerner (1976) have paeneeiigners modified to 
become more compatible with the physics of the situation - 
the velocities of the flow can be found after an initial 
movement phase which is not consistent with the avalanche 
model, and uplift pressures, be they due to water, air or 
gas, may be applied to the travel path. 

These adaptations render the model slightly more 
conformable with the real Situation, but several significant 
reservations still remain. The first problem area is the 
characterization of the mode of movement; inconsistencies 
with the observed rheological behaviour of this type of 
material suggest that a viscous resistance term and some 
account of the plug-like flow motion over portions of the 
avalanche may be more appropriate. This complex area has 


not been addressed and a general assumption of a uniform 
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motion with one frictional parameter and one dynamic 
resistance parameter is used. 

A second major reservation concerns the choice of an 
appropriate travel path for analysis. The physics of the 
velocity formulation apply to a centre of mass path, 
although such a travel profile is often difficult to obtain. 
Furthermore the accurate prediction of an extreme runout is 
not obtainable with the evaluation of only the centre of 
mass travel path. To this end, the entire travel path, a 
much more eaSily measured profile, will be used for analysis 
purposes. 

“ Thirdly, there are many other aspects of the physical 
characterization, such as lubrication, dispersive pressures, 
volume dependence, and material entrainment, which remain 
unresolved. However, for the purposes of the succeeding 
applications it will be tacitly assumed that these factors 
are concealed implicitly in the model parameters or they 
have negligible influences. 

Finally, the fourth difficulty with the model is the 
numerically unstable nature of the solution algorithm. The 
isolation of the optimal (u,D) pair that allows the 
avalanche to stop at a predetermined position is quite 
sensitive to small variations in the resistance parameters. 
Consequently quite different runout predictions are often 
possible with only slight variances in the (u,D) pair, even 
though velocities are reasonable over a wide range of 


resistance parameters. Similarly, the "uniqueness" problem 
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limits the velocity prediction capability of the model. 
Even with better velocity records at known events the 
indeterminate nature of the solution would remain. 

The parametric study conducted in this chapter draws 
attention to a few of the more significant factors which 
determine the complete characteristic resistance 
relationship. The fahrboeschung and the eieps of the 
Shallowest profile segment are the maximum and minimum 
frictional resistance parameters, respectively. Only small 
alterations in the minimum slope angle produce large changes 
in the relationship while less pronounced effects occur when 
the fahrboeschung is altered. The effect of assuming an 
uplift pressure along the travel path has been shown to 
produce remarkable changes in the characteristic resistance 
relationship. This may offer an explanation for the quite 
low frictional parameters (negative in some cases) which 
arise when an uplift pressure is not used. Because of the 
already indeterminant nature of the two-parameter model, the 
inclusion of this third variable would not make the choice 
of appropriate resistance parameters any simpler. The topic 
of pore pressure generation and dissipation, while obviously 
meriting more investigation, is deemed to be beyond the 
scope of this investigation because of the absence of 
information to describe the basal parts of these avalanches. 

The effect of using an input velocity, derived from an 
alternative dynamic model for the first portion of a 


failure, has also been assessed. Only for input velocities 
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substantially different from those predicted by the model 
over the same slope, will the characteristic resistance 
relationship be significantly altered. This also suggests 
that for other model formulations using a viscous or a 
plug-like flow - which are probably more appropriate over 
portions of the avalanche - the relevant (u,D) relationship 
is not significantly affected as long as the velocities 
predicted by the alternate models are similar to those 
predicted by this model. 

Finally it must be remembered, that in theory, there is 
only one point on the characteristic resistance relationship 
curve which will produce an exact match to the real 
velocities of the avalanche under consideration. The 
extremes of the function would not appear too important in 
this regard. As shown in the parametric study there is a 
range of (u,D) pairs capable of giving a reasonable average 
velocity for a given aval anche. An attempt to bound the 
relevant (u,D) pairs from an assorted group of avalanches is 


conducted in the next chapter. 


In summary, Koerner's model as presented here, with a 
number of alterations, still remains a semi-empirical 
approach to the rock avalanche dynamics problem. 
Nevertheless, the convenient yet simplistic masking of 
certain difficult to quantify physical attributes, makes 
this model attractive for predictive purposes. Only a 


limited number of avalanches have been analysed by this 
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method (e.g., Koerner, 1976, 1977, 1980a, Hardy et al., 
1978) hence the model must be calibrated with more field 


evidence before its predictive reliability can be assessed 


in a comprehensive manner. 
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6. APPLICATION OF THE MODEL 


6.1 Introduction 

The primary purpose of this chapter is to present the 
results of the application of the proposed model to a 
selection of rock avalanche paths from the Mackenzie 
Mountains. For each of the six travel paths examined the 
characteristic resistance relationship and the velocity 
profiles were determined. In order to assess the influence 
of a pre-determined initial velocity and uplift pressures, 
the North Twin rock avalanche was chosen for a detailed 
study. Subsequent model predictions were compared with 
other velocity estimates from superelevation and run-up 
analyses. Consequently the range of relevant (u,D) pairs 
applicable for analysis for similar terrain was found. 

It is apparent that a number of competing factors 
influence the solution to the equation of motion for an 
avalanche moving over a variable profile. By comparison 
with a selection of documented rock avalanches and other 
rapid mass movements, various mobility hypotheses may be 
tested with the model. Such aspects as fluid content, rock 
lithology, whether or not the mass moved over snow or ice 
for a portion of its travel path, and the effects of 
confinement are evaluated using details from documented 
cases in the literature. 

Finally, the predictive capability of the model for the 


rock avalanches from the Mackenzie Mountains is assessed. 
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6.2 Rock Avalanches from the Mackenzie Mountains 

Topographic profiles for the rock avalanches discussed 
in Chapter 2 were obtained from 1:50,000 NTS maps modified 
by more detailed field survey measurements. The travel 
paths for the avalanches, assumed to run from the tops of 
the rupture surfaces and along approximate centre lines, 
were determined from thickness meaSurements and projected 
cross-sections at each of the events. These longitudinal 
profiles are shown in Appendix C with their respective 
predicted velocity profiles. 

North and South Twin avalanches profiles were similarly 
obtained from topographic maps and modified by debris 
thickness measurements taken by Kaiser and Simmons (1980). 
The North Twin profile used in the analysis was shown in 
Chapter 4 (Figure 4.2) in conjunction with velocity 
estimates made with run-up and superelevation observations. 
The South Twin avalanche profile is shown in Figure C.3 with 
the predicted velocities. The Damocles avalanche profile 
(Figure C.1) was constructed from field measurements taken 
by Kaiser and Simmons (1980). The U-Turn, Nozzle, and 
Rockslide Pass avalanche profiles (Figures C.4, C.5 and C.6, 
respectively) were similarly constructed with 1:50,000 NTS 
topographic maps and field measurements made by the writer. 
For reasons discussed previously the entire travel paths 
were used for analysis in each of the above cases. for 


reasons discussed previously (see Chapter 5). 
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Morphologically and mechanically it would appear that 
many of the confined rock avalanches from the Mackenzies 
display striking similarities ( see Appendices A and B and 
Eisbacher, 1979). Consequently one might expect to see a 
particular resistance reduction phenomenon such as uplift 
pressures or other agents (e.g., snow, ice or saturated 
alluvium). This hypothesis may be tested with the proposed 
model. 

Examination of the characteristic resistance 
relationships for these avalanches (Figure 6.1) does not 
reveal such a common entity. The range of the frictional 
Parameter uw is between -0.058 and 0.225 and the six i 
characteristic curves span a large range between the widest 
limits of the dynamic parameter relevant for an average 
velocity match. As previously noted in the parametric 
Study, the maximum frictional parameter is defined by the 
fahrboeschung which varies from 0.225 for North Twin to 
0.131 for Damocles. Similarly the value of the minimum 
friction parameter is defined by the tangent of the minimum 
Slope angle on the profile. Note that for all of the 
profiles analysed here, except for the North Twin avalanche, 
the (u,D) relationship could not be defined below a certain 
frictional parameter. The iterative procedure to solve for 
the frictional parameter u, giving a velocity of zero at the 
end of the travel path, becomes numerically unstable when 
there are travel segment slope angles less than the final 


Slope angle on the path. Only for frictional parameters 
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greater than the tangent of the final slope angle will the 
solution converge. In the case of the U-Turn avalanche this 
waS particularly acute since the final travel segment slopes 
at nearly 10°. This is further sugggestion that the model 
is inadequate for certain portions of the avalanche. 

It 1S apparent that the fahrboeschung is a large 
determinant of the resistance function, although the 
relevant velocity matching (u,D) pairs are usually found 
closer to the minimum frictional parameter limit, i.e., in 
close proximity to the first inflection point for each 
curve. This wasS initially apparent from the few analyses 
which have been performed to date for the Huascaran and 
Rubble Creek events (Koerner, 1976, Hardy et a/J., 1978) and 
from the best estimates of the optimal (u,D) pair for the 
North Twin rock avalanche (to be developed in the next 
section of this chapter). 

One particular oddity which throws the postulate of a 
common resistance pair into jeopardy is the difference 
between the North and South Twin characteristic resistance 
curves. For the same rock type, travelling down parallel 
paths from identical starting positions, one would expect 
almost identical (u,D) pairs capable of accommodating the 
slight differences in runout. Such is not the case. For 
the same frictional resistance parameter, within a relevant 
dynamic parameter range (say 10,000 m?/s? < D<:100,000 
m?/s?), the difference between the dynamic parameters for 


the Twin avalanches ranges between 3,500 and 45,000 m?/s?. 
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An interesting observation can be made regarding the 
separation of the more confined avalanches which follow a 
more tortuous course - North and South Twin, and U-Turn - as 
opposed to the less confined, spreading avalanches - 
Damocles, Rockslide Pass and Nozzle. For the same 
frictional resistance less dynamic resistance is required 
for the less confined avalanches, or alternatively, for the 
same dynamic resistance less frictional resistance is 
required by the less confined avalanches. This would seem 
to be verification of the notion that the more confined, 
channeled course is bound to produce greater internal 
disruption in the flow, and consequently mobility would be 
reduced. These presuppositions will be examined later in 
applications to other events (see Section 6.4). 

In the parametric study (Section 5.5) the 
characteristic resistance relationship was seen to be 
radically altered by the inclusion of an average uplift 
pressure. The effect of assuming a constant r value was to 
shift the resistance curve to the right (refer to 
Figure 5.8). For the purposes of evaluating this effect in 
a general fashion for the Mackenzie Mountains rock 
avalanches an initial assumption was necessary; given the 
premise that the maximum attainable @¢@ angle for the rock 
involved is equal to 30°, what average uplift pressure, in 
the formeotran’ st, 4Valves iwilivallowsFMAR6= tan’ 30°,ethus 
uniquely defining the upper limit of the characteristic 


resistance relationship? In other words, for normal 
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frictional behaviour asSsuming a granular material, what 
uplift pressures are needed to reproduce the observed runout 
distances for each of the events? This limiting value of r 


is easily found for each case as: 
Lomia) al ieee ecu) tan a (Eqn. 6.1) 


where w is the maximum allowable frictional parameter (equal 
to tan 30°) and w is the fahrboeschung angle. 

A table of the ry values necessary to increase the 
maximum frictional resistance parameter from the 
fahrboeschung to tan 30° is shown on Figure 6.2. This plot 
displays the characteristic resistance relationships for the 
Six avalanches where an uplift pressure allows for normal 
frictional behaviour with uw = 0.577 (tan 30°) as an upper 
fimit.6 The. Similarity im n, factors (0.61 to 02/7) samply 
reflects the closeness of the fahrboeschung angles for these 
avalanches. Below this value the dynamic and frictional 
resistances compete with each other, thus defining the (u,D) 
relationship. As in Figure 6.1, numerical instabilities 
preclude a solution to the v,= 0 algorithm for certain 
profile geometries. 

The plot shows a slightly more defined grouping of the 
resistance relationships for North and South Twin, U-Turn 
and the Damocles avalanches than was noted on Figure 6.1. 
Nevertheless the range of the frictional parameter for all 


Six events iscmuch larger; trom -0.16) to 0.57... The curves 
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for Nozzle and Rockslide Pass are distinctly separated from 
the others. This would again suggest that less dynamic 
resistance is required for these events with the same 
frictional resistance as the other four. There is almost an 
order of magnitude difference, on the dynamic resistance 
scale, between the Rockslide Pass and the North Twin curves 
- a further suggestion that the two avalanches may have had 


distinctly different behavior. 


6.3 Velocity Profiles 

For each point on a characteristic resistance curve, as 
Shown in Figure 6.1, there is a unique velocity profile 
defined for the given travel path. At one eaeenee with 
uM = FMAX and D =e, the fahrboeschung defines the frictional 
parameter for the sliding block model. This analogue will 
produce the highest velocities, while at the other extreme, 
with uw equal to the tangent of the last slope segment, the 
lowest velocities are produced. Between these two limits is 
an optimal resistance pair which will best simulate the 
actual velocity profile. 

In this section the velocity profiles from one of the 
Six avalanches under study is examined in detail. Because 
the North Twin avalanche path offers the best available 
velocity indicators, as determined from superelevation and 
run-up analyses, it will be tested for a variety of 
assumptions. Predicted model velocities are then compared 


to the range of velocities obtained by other means. 
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Velocity and travel path profiles for the other five 
avalanches - South Twin, Nozzle, Damocles, U-Turn and 
Rockslide Pass - are contained in Appendix C. For 
comparison purposes these analyses were performed on the 
entire travel paths with no uplift pressure or initial 


velocity assumptions. 


North Twin Rock Avalanche 

Figure 6.3 shows the predicted real velocities at the 
North Twin avalanche for a group of (u,D) pairs from the 
characteristic resistance relationship curve. The critical 
velocity (fr6ém Eqn. 5.7) for wu = 0.143 and D = 50,000 m?/s? 
is shown on the same plot for illustrative purposes. Note 
the match between the increasing and decreasing portions of 
the critical and real velocities, respectively. Where the 
Critical velocity is greater than the real velocity the mass 
is accelerating, and where the critical velocity is equal to 
the real velocity the mass is decelerating. The general 
trend of the velocity is to increase initially on the short 
steep slope. This is followed by a drop in velocity as the 
mass moves over a flatter slope. The velocity then rises 
abruptly and remains relatively high (50-60 m/s for the 
sliding block model) over most of the length of its travel 
path. The velocity then drops quickly to zero on the final 
runout slope. 

For greater frictional resistance the predicted model 


velocities show less sensitivity to variations in the 


ag 


ccm aft Yitpelsy get. 6nd wads 2928638 2} yttovolev ise 
. 


a 


Heigaeeneee eS 
yot 3 akbasqad abe 
odd ne ‘Baacrol tse oraw sseytoia 4 
ieisini v0 etweeerq TRiqa mn 


alscm tania 
sg aeiticofev [est betarberg St2 woe ce 
aa? 21Faq 4) 28 quetD & 403 sdoasteys sh 


> gidanotasie2 “soneseresd os: sa 


—— = 5 eee. y U PY 
7 Me 
2\*m 900,CeC 7 8 car. 0 = «902 (8.8 .epe ota 
t 4 res ~ a 
o79 sgsootua evissitaviss 104 jofiq- seee anz. ao- 


J 
6 ang co TOM 


eh bas paiesetoat eas nogwasd 


fw sievisvegse? .eaitiooisev [sot Bast 


feumpe ei viiocieyv fantaizs ef? 21968 bas .,paigesetes 


ysnep act sonidetaioebss @. seam ait ytineley: 4 


Tes , . . . alee 
sto sta -no =Listetet eegetest o2 e! yiisoisyv oda to)! 


‘eft a6 ydizeleav al qcih s at baveiiol ax 2iaT asqole 
ro 


asd? varookay aa? .eqots sestalt sraevo Rar 
ok gw Ga-08). dood ylevigsict ensaman bas 


reyets #2 30 Aopael 989 To seem Feve aaa anon 


‘y eotetaiass danoitsial teskerg) x0 


+ ’ 
Gj oe ’ 
: ee 


sis ai eaniteizer of qitvigtanse con iin nll 
; ; - 


ELEVATION (METERS) 


2000 


1500 


1000 


500 


VELOCITY (M/S) 


154 


500 1000 1500 2000 2500 3000 3500 4000 4500 5000 
HORIZONTAL DISTANCE (METERS) 


4 
vie 
; CRITICAL VELOCITY FOR F=0.143 D=50000 


) 500 1000 1500 2000 2500 3000 3500 uooo 4500 5000 
HORIZONTAL DISTANCE (METERS) 


Figure 6.3 Travel path and predicted velocity profiles for 
the North Twin rock avalanche. Symbol F 
corresponds to the frictional parameter u. 
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topography. AS an example, at about a horizontal travel 
distance of 2500 m a change in the slope inclination from 
22° to 12.5° and back to 26° produces a well-defined 
undulation in the velocity profile for uw = 0.072 and 

D = 1000 m?/s?. However, for the higher frictional 
resistance of pw*= 0.205 and for-D’= 100,000°m?/7S?.)°this 
effect is much less pronounced. Similarly a drop in 
velocity after 1000 m for velocity profiles with u beschehan 
0.110 becomes an increase in velocity for uw greater 

than 0.110. This change reflects the competing action of 
the two resistances and tendency of the frictional block 
model to maintain high velocities once initially attained. 

Interestingly, as the predicted velocities increase for 
increasing frictional resistances, the dynamic parameter D 
increases in an exponential fashion from 10? tooo . This 
reflects the marginal effects of the velocity squared 
dependence at higher velocities. 

Another feature of the velocity profiles for high 
frictional resistance parameters is the tendency to attain 
high velocities - 30 to 60 m/s - followed by very abrupt 
deceleration as the avalanche comes to a halt. This 
characteristic is consistent with the few eyewitness 
observations which claim that the rapidly moving mass seemed 
to almost "freeze" in place before stopping. Also of note 
ee the Pactethat-the frrceronal@ block model (ph = 0.225, 

D =oo) attains a slightly lower velocity, until about 


1500 m, than the model predictions with uw 2 0.186 and 
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D 2 50,000 m?/s?. This is a consequence of the attainment 
of very high initial velocities and the nature of the 


solution process. 


Effect of Initial Velocity Assumption 

Figure 6.4 is a similar plot of the velocity profiles 
for North Twin with the assumption of an initial velocity. 
Using the centre of mass profile as shown in Figure 3.7 the 
velocity of the failure block after 136 m of movement was 
calculated. A value of 15 m/s was found with the assumption 
of uw = 0.141 - a dynamic frictional coefficient deemed 
reasonable, yet by no means verifiable (see Section 3.7). 
From this point onwards the velocity profiles were 
determined in a similar fashion as done above. Note that 
the total horizontal travel distance is about 350 m short of 
the length shown on Figure 6.3. This is due to the 
difference between the centre of mass of the pre-failed 
block and the top of entire profile used in the original 
analysis. Similarly the change in the profile length 
reduced the fahrboeschung from 0.225 to 0.218. Strictly 
speaking, the end of the profile should rightly be the 
centre of mass of the debris, however, this could not be 
easily determined with the known information. Consequently 
for illustrative purposes and consistency the travel path to 
the tip of the debris was used here. 

The predicted velocity found with uw = 0.141 after 435 m 


would have been calculated with the original centre-line 
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profile using’ uw = 0.080 and D = 3000 m?/s?. Velocities up 
to twice this value would be predicted with characteristic 
resistance pairs closer to the sliding block model. 
Nevertheless, the rest of the velocity profile for the 
initial velocity assumption case is remarkably similar in 
form and magnitude to that shown in Figure 6.3. Only for u 
greater than 0.142 do the characteristic resistance pairs— 
differ from the original profile calculation. Predicted 
peak velocities are a maximum 2 or 3 m/s lower with the 


initial velocity assumption. 


Effect of an Uplift Pressure Assumption 

Applying the uplift pressure assumption of ry = 0.61, 
which reduces a normal FMAX = tan 30° to the 
fahrboeschung 0.225, does not produce any notable changes in 
the model velocity predictions. The velocity profiles are 
identical with those produced by using the entire profile 
without an uplift pressure assumption (Figure 6.3). This 
result would be expected since the "effective" maximum 
frictional parameter for the initial assumption made is 
simply (1-ry) tan 30°, which is equal to the 
fahrboeschung 0.225. Because the uplift pressure has no 
effect on the dynamic parameter, the frictional parameters 
in the (u,D) pairs in Figure 6.3 are simply reduced by the 
factor (i-r,). Consequently, while a significantly 
different characteristic curve is produced for an uplift 


pressure assumption, this additional apparent reduction to 
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the frictional parameter has no effect on the predicted 


model velocities. 


Comparison with Superelevation and Run-up Analysis 

A more revealing test of the predicted velocities from 
the model would be to compare them with the limited velocity 
ranges suggested by superelevation and run-up analyses. 
While these indicators may not be all too precise for 
reasons cited previously, they do offer a reasonable 
alternative model for comparison. 

Ideally one would like to delineate the appropriate 
(u,D) pair suitable for prediction purposes. However, as 
core 6.5 shows, the various models do not exhibit a great 
deals ofecompatibi lity. The initial welocaty range for both 
the Koerner's model and the various models proposed in 
Chapter 3 are in reasonable agreement to about 750 m. The 
rolling friction models are certainly less realistic since 
they provide for continuous acceleration. Ina rather odd 
fashion, the first superelevation velocity range is 
Substantially below the dynamic model's predicted velocities 
for uw greater than 0.090. Rather than displaying a gradual 
Slowing of velocity as the avalanche moved over 
progressively less steep terrain, the superelevation 
predicted velocities show a marked increasing tendency until 
about 3000 m with the exception of a slight dip at 2650 m. 

Obviously, the two-parameter dynamic model presented in 


Chapter 5 does not offer a particularly concise simulation 
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of the velocity spectrum attained by the North Twin rock 
avalanches, that is, if the superelevation analysis is 
correct. As seen in Figure 6.5, the range of suitable (u,D) 
pairs which bound the velocity profile beyond 800 m, extend 
over the entire range from uw = 0.143, D = 50,000 m?/s? to 
pe=e0. 07 26eDt=e1000em27/s7 af Eventwithythe eliminationeof the 
Se superelevation velocity at 1600 m and the final 
run-up velocity prediction, the (u,D) range is 0.080 to 
0.143, and 3000 to 20,000 m?/s?, for uw and D respectively. 
Unquestionably some of the variability here is attributable 
to the choice of the radius R used in the calculation of 
velocity. Uncertainties is this regard preclude a more 
definitive bound to the relevant (u, D) pairs in Koerner's 
model for this example. 

There are several other possible explanations for the 
apparent inconsistency in the models. Firstly, the 
two-parameter model predicts velocities for a single (u,D) 
Pair without consideration of possible variances in either 
of these two parameters over the course of the avalanche. 

As previously discussed in Section 5.3, this inadequacy, 
along with several others to account for supposed changes in 
the rheology of the avalanche debris or the frictional 
resistance of the travel path, may be a severe impediment to 
an accurate velocity determination. Even when a reasonable 
Sliding velocity for the initial part of the failure is 
applied (Figure 6.3), a velocity profile almost identical to 


Figure 6.5 is produced. As previously discussed, an uplift 
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pressure assumption will not change the velocity profiles 
Significantly provided the maximum frictional parameter, 
(i-r,)tan 30°, is equivalent to the fahrboeschung. Values 
greater than the fahrboeschung will not converge to a 
solution and values less than fahrboeschung will predict 
lower velocities because of greater dynamic resistance 
losses: L 

Baconaiys the travel path used in the analysis was the 
entire profile from the crown of the slide to the distal tip 
of the debris. To rigorously satisfy the physics of the 
velocity formulation, the centre of mass travel path should 
have been used. Lower velocities would have been predicted, 
although the anomalous increase along the travel path would 
still not be accounted for. 

Another major uncertainty lies in the accuracy of the 
velocities derived from superelevation. It iS most 
difficult to envisage the suggested gradual increase in 
velocity over the middle portion of the avalanche. Even if 
the debris at the first superelevation cross-profile were 
treated aS run-up rather than sSuperelevation a minimum 
velocity of about 20 m/s would be suggested. In addition to 
some of the previously mentioned limitations to this 
analysis (Section 4.4) there is some question as to the 
precision of the field measurements used to determine the 
tilt angle @. Active colluvial and alluvial processes have 
obscured the avalanche debris in places, raising some doubt 


as to the exact limits to which it has risen along the 
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valley walls (Kaiser and Simmons, 1980). Perhaps more 
disconcerting, however, is the presence of apparent 
Superelevation along the valley walls of both North and 
South Twin avalanches where there is no obvious directional 
change. This in itself is suggestive of a more complex mode 
of movement, perhaps with wave-like oscillations capable of 
"Splashing" debris along valley sides in a more random 
fashion. Kaiser and Simmons (1980) have also speculated 
that the travel path may have been altered by the presence 
of snow or ice . However, this hypothesis could not be 
firmly proven with field evidence. | 

In conclusion, this application of Koerner's model to 
the North Twin rock avalanche has proven to be somewhat less 
than successful with the available data. In order to 
accurately delineate relevant model parameters there is a 
need for a more comprehensive spectra of velocity 
indicators, a body of information not likely available at 


any of the Mackenzie Mountains rock avalanches. 


6.4 Applications to Other Mass Movements 

In Figures 6.1 and 6.2 the characteristic resistance 
relationships for a number of rock avalanches from the 
Mackenzie Mountains were shown. It might have been expected 
that similar frictional and dynamic resistances were 
operating along the travel paths of these events. However, 
as these plots have shown, there would appear to be other 
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possible that a particular unifying characteristic may be 
capable of explaining this inconsistency; perhaps it 
reclectSavarvances in materialyconstituents, water contents, 
Sliding surface conditions or geometric constraints. It is 
the purpose of this section to examine a selection of such 
hypotheses directed towards isolating a unique, unifying 
characteristic. To this end, a group of rock avalanches 
chosen from around the world and from a variety of terrain, 
will be analyzed by the model. 

It should be borne in mind that these variances are not 
mutually exclusive. The observed (u,D) relationship could 
reflect the combined effects from one or more such 
influences, in which case the isolation of one would be 
nearly impossible. Furthermore, it must be remembered that 
there is only a restricted range of the frictional and 
dynamic parameters relevant to discussion, since in theory, 
only one (u,D) pair is capable of modelling the actual 


velocity profile. 


Hypothesis 1 

In Hypothesis 1 it is postulated that the (u,log D) 
relationship, as shown on Figure 6.6 for a selection of 
rapid mass movements, reflects the influence of material 
entrainment - be that alluvium, till, snow, ice, water or 
vegetation. 

Four of the profiles used in this analysis were 


obtained from well documented rock avalanche examples in the 
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literature. Nozzle and North Twin avalanches were examined 
previously in this research and by Eisbacher (1979). Two 
other rapid mass movements, a mudflow and a snow avalanche, 
were also analyzed with the model for illustrative purposes. 
While the applicability of the same physics to a reportedly 
laminar flow is questionable in the former, the model is 
well suited to the latter; it was used as an example by 
Bakkehoi et a/].(1981) in their application of an analagous 
two-parameter model. SEAS Cone from these six 
examples are now briefly examined. The reader is referred 
to the appropriate references for more detailed information. 

The HuaScaran avalanches in 1962 and 1970 originated on 
Nevados Huascaran, the highest peak in the Peruvian Andes. 
A combined total of some 22,000 casualties resulted from 
these highly mobile flows which initially started as large 
cliff failures involving both ice and rock. The long 
horizontal runout and high velocities reported at these 
events are associated with the steep travel path and the 
extreme fluidity acquired when the moving mass extrained 
large volumes of snow, water, saturated alluvium, and 
moraine along its route. Eventually the avalanches turned 
into debris flows which continued to wreck havoc down the 
Rio Santa. Detailed description of the avalanches and their 
deposits may be found in papers by Plafker and Ericksen 
(MOI) ee atkercer aio) and. Cluft (197 17 

The Rubble Creek avalanche of southwestern British 


Columbia ianvolved-an estimated 25 x 10° m* of dacitic lava 
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which travelled up to 4.6 km, entraining valley alluvium 
enroute, on an average slope of 8° (Moore and Matthews, 
1978). A state-of-the-art treatment of this type of 
landslide was compiled by Hardy et a]. (1978). 

The Frank landslide in southwestern Alberta has been 
one of the most intensely studied rockslides in the western 
hemisphere (McConnell and Brock, 1904; Daly et al]., 1912; 
Krahn, 1974; Cruden and Krahn, 1978; Hungr, 1981). The 
movement of the large wedge of Paleozoic limestone initially 
began as a rock slide along bedding planes and soon 
disintegrated into a fragmented avalanche which spread 
debris in a fan shaped lobe across the valley bottom 
incorporating river alluvium and possibly some glacial till 
in the process. 

| The Sherman Glacier rock avalanche, which took place 
during the Alaskan earthquake of 1964, has attracted the 
attention of many investigators, notably Shreve (1966), 
Marangunic (1972), and McSaveney (1978). A slightly 
metamorphosed, well fractured block of sandstone and 
Siltstone was shaken loose from Shattered Peak and 
subsequently travelled across the Andres Glacier, over a 
bedrock ridge and down the Sherman Glacier to cover a total 
area of 8.25 km?. The incorporation and melting of large 
amounts of soft snow was felt to be partially responsible 
for the apparent high mobility. 

The alpine mudflow from the Tenmile Range of central 


Colorado was documented by Curry (1966). After a long 
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period of intense rainfall, a series of mudflows was 
observed moving over and through saturated talus on slopes 
as steep as 41 degrees. These flows were seen to move as 
pulses at peak observed velocities of about 16 m/s. 

The Ryggfonn snow avalanche from near Stryn, Western 
Norway was mapped by Lied and Bakkehoi (1980) and was used 
by Bakkehoi et a].(1981) in the application of a slightly 
modified version of Koerner's (1976) model. 

For each of the above mass movements a longitudinal 
profile of the presumed travel path was obtained or 
constructed from information contained in the pertinent 
references cited. Where possible, the best match of the 
estimated total travel time or average velocity with the 
value predicted by the model was found. The relevant (u,D) 
pair or range of pairs for these events and for the North 
Twin rock avalanches are shown on Figure 6.6. 

Examination of this figure reveals a wide variation in 
characteristic resistance curves. The maximum frictional 
parameters range from 0.121 for Rubble Creek to 0.464 for 
the Ryggfonn snow avalanche. The minimum values range from 
-0.167 to 0.151 for the Colorado mudflow and the Ryggfonn 
Snow avalanche, respectively. The more relevant range of 
(u,D) pairs as deduced from matches to the average velocity 
for selected events is smaller - from -0.12 to 0.145 and 
from 3000 to 60,000 m?/s?, for uw and D respectively. 

It is therefore apparent that a common trend is not 


revealed on this plot. The Huascaran event, which 
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represents an extreme example of the influences of entrained 
material, and the other known events which are known to have 
had a significant proportion of entrained moraine and 
alluvium - Rubble Creek and the Frank slide - do not show 
any particular resemblances. The two events which contained 
some amount of snow and ice in their mass for at least a 
part of their travel - the Sherman Glacier and the Huascaran 
avalanche - do not show a marked similitude, and certainly 
do not bear any likeness to the Ryggfonn snow avalanche. 

Nor does the (u, log D) relationship for the Colorado 
mudflow show any agreement with any of the other events. 
Nozzle and North Twin rock avalanches from the Mackenzies, 
are equally as varied and do not exhibit a discernible 
parallelism with each other, nor with any particular event. 
Hypothesis 1, as tested for this selection of rapid mass 


movements, is therefore rejected. 


Hypothesis 2 

In Hypothesis 2 it is postulated that the (u,log D) 
relationship reflects the slide or travel path surface's 
frictional characteristics. Specifically, it is proposed 
that the rock avalanches, which have taken place onto snow 
or glacial ice, exhibit a reduced frictional resistance and 
are apt to travel further. 

This working hypothesis may be relevant to the suite of 
rock avalanches from the Mackenzie Mountains. 


Circumstantial evidence from Damocles, Rockslide Pass,North 
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and South Twin (Kaiser and Simmons, 1980), and possibly 
Nozzle is suggestive of the possibility of there having been 
ablating glacial ice, or perhaps isolated seasonal ice or 
snow fields along their respective travel paths at the time 
of the event. Additional field evidence such as contact 
relationships between moraine or alluvium and the Sea enane 
Gebris, surface morphology, glacier trim lines and a 
reliable chronological dating of the features would be 
required before such a postulate could be adequately 
evaluated. 

For the purposes of testing Hypothesis 2, the 
characteristic resistance relationships for a suite of rock 
avalanches which took place onto glaciers have been 
determined. By comparison of this group with relationships 
found for the selection of rapid mass movements (Figure 6.6) 
and the Mackenzie Mountains rock avalanches (Figure 6.1), a 
reasonable evaluation of the hypothesis can be made. 

Figure 6.7 is a plot of the (u,log D) relationships for 
six rock avalanches which moved onto and along glacier ice 
for some portion of their travel paths. Only two estimates 
of the average velocity were available for the events and 
are shown on the plot as the (u,D) pairs which best match 
these values. 

The Sherman Glacier slide (McSaveney, 1978), perhaps 
the best known of this type of phenomena, was briefly 


described for Hypothesis 1. 
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The Lyell Glacier slide on South Georgia Island was 
described by Gordon et al. (1978). The profile used in the 
analysis is admittedly rather approximate because of the 
large contour interval on his location map. Nevertheless, 
the general trend of the relationship is adequately 
determined. The initial rockfall, from a steep buttress of 
slates and greywacke, and the subsequent travel of the rock, 
firn, and ice debris down the glacier were detected ona 
seismic record, from which an average velocity could be 
calculated. 

The failure of a steep gneissic cliff onto and down a 
glacier near Holsteinborg in Greenland was described by 
Kelly (1980). An initial mass of some 3 x 10° m® was 
transported up to 7 km over glacial ice and moraine. 

The Little Tahoma Peak rockfalls and avalanches, on the 
east side of Mount Rainer, Washington, travelled some 7 km 
down the Emmons Glacier and the White River Valley. It is 
believed that up to seven separate rockfalls, totaling 11 x 
10 m? in volume, with only short time separation, were 
initiated by a small steam explosion on the mountain 
(Fahnestock, 1978). — 

The Triolet Glacier avalanche of 1917 was believed to 
have originated as a rockfall from the Italian flank of the 
granitic Mount Blanc massif. Descending onto the glacier 
and fragmenting, it moved rapidly down valley for 7.2 km at 


estimated speeds up to 35 m/s (Porter and Orombelli, 1980). 
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The Devastation Glacier avalanche from southern British 
Columbia is described by Mokievsky-Zubok (1977), Patton 
(4976) jeandyHardyt et aj .{9978)5- 9 Ab 18.70% 10% me mass of 
tuff, volcanic breccia and ice broke away from a fissured 
cliff and travelled down the glacier into a narrow creek bed 
and eventually emerged into the Meager Creek valley giving 
an average slope of 9° to 10°. 

Figure 6.7 does not reveal a particular common entity 
aside from parallelism among the characteric resistance 
relationships for the six avalanches. Nor is there any 
marked distinction between this group and the previous group 
of rapid mass movements or the Mackenzie Mountains 
avalanches, of Figures 6.6 and 6.1, respectively. While the 
envelopes of the characteristic resistance relationships for 
these three plots overlap considerably, there is some 
suggestion of a slight translation of the curves on 
Figure 6.7 to the right. The opposite of this might be 
expected, however, for a surface with a reduced frictional 
resistance. Maximum and minimum frictional parameters are 
defined by the fahrboeschung and slope of the final segment 
slope angle, respectively. 

Possibly one or several reasons could be responsible 
for the lack of a well defined characteristic curve for this 
particular type of avalanche: the proportion of the travel 
path actually on the glacier; the type of snow or ice, the 
thickness of the snow cover; the rock type; the degree of 


lateral spreading; or the magnitude and distribution of pore 
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pressures generated by the inevitable melting of some of the 
surface cover. Regardless, the hypothesis must be rejected 
as unsubstantiated. No significant trend in the 
characteristic resistance relationships emerges from the 
application of the model to this group of avalanches. The 
reduction in frictional resistance, whether significant or 


not, 1S probably masked by one or several influences. 


Hypothesis 3 

In Hypothesis 3 it is postulated that differences in 
the (u,log D) relationships may reflect differences in rock 
lithologies. It might be reasonable to believe that certain 
rocks, possessing unique elastic, structural, or frictional 
properties, are capable of longer runout distances. As 
mentioned previously, the propensity for carbonate terrains 
to host the majority of rock avalanches in the northern 
Canadian cordillera could possibly reflect a particular 
material property. This hypothesis will be tested by 
re-examination of the resistance relationships shown in 
Rvcures «6, l',, G,.6+and, 6.7: 

Consideration of those avalanches which involved 
carbonate rocks - the six from the Mackenzies and the Frank 
slide - reveals that there is no apparent unifying 
characteristic in their (u,log D) resistance relationships. 
Frictional parameters from the relevant velocity range span 
the width of the envelope - from -0.97 for the Frank to 


0.145 for North Twin. Those avalanches involving volcanic 
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rocks - Rubble Creek, Devastation Glacier, Little Tahoma 
Peak - have a slightly more defined envelope of curves, but 
Still do not display a unique relationship which 
distinguishes the three from the other events. The two 
avalanches involving argillaceous or clastic rocks - the 
Sherman Glacier and Lyell Glacier events - are distinctly 
separated on Figure 6.7, and show little hint of similarity. 
The Holsteinborg and Triolet Glacier avalanches, both from 
granitic terrains, are much closer together on this plot, 
although the trend would need to be assessed for more events 
of this type before the resemblance could be deemed 
Significant. 

In conclusion, for the select group of avalanches 
examined here, Hypothesis 3 must be rejected. The influence 
of rock lithology may again be masked by one or more other 
factors. It might also be noted that the sample of 
avalanches is obviously biased, for there are few suitable 
events reported in the literature involving shale, sandstone 


or metamorphic rocks. 


Hypothesis 4 

In Hypothesis 4 it is postulated that confined and 
unconfined debris runout geometries are distinguishable on 
the basis of their respective resistance relationship 
curves. Both the Frank and the Sherman Glacier slides are 
excellent examples of unconfined spreading avalanches while 


most of the events from the Mackenzies described in this 
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Study, with the possible exception of Rockslide Pass and 
Damocles, are confined to narrow valleys. 

Examination of Figures 6.1, 6.6 and 6.7 reveals that, 
within the range of relevant velocities, the Frank, Sherman 
Glacier, and Rockslide Pass avalanches show some of the 
lowest frictional parameters, as opposed to the more 
confined avalanches. This observation would appear to be 
contrary to Hungr's (1981) suggestion that a less productive 
expenditure of energy takes place in a spreading avalanche 
and that consequently one would expect a greater equivalent 
coefficient of friction or fahrboeschung than for a more 
confined geometry. Competing mechanisms may be responsible 
for this disrepancy. Furthermore, the Lyell Glacier slide 
was relatively unconfined, but displays a much greater 
optimal frictional parameter, -0.120, than the other three 
unconfined events. Nor would there appear to be any 
resemblance of a common trend in the remaining group of 
confined or channeled avalanches in this respect. 

In conclusion, Hypothesis 4, must be tentatively 
rejected since there is not sufficient data to confirm the 
existence of a discernible difference in the characteristic 
resistance relationship for confined and unconfined rock 


avalanches. 


Within this section four hypotheses have been tested on 
a varied selection of rock avalanches, using Koerner's 


two-parameter model. It may now generally be concluded that 
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there is no easily recognizable characteristic which may 
explain the variances in the relevant (u,D) pairs for this 
group of mass movements. It appears that a number of 
competing factors, and or other influences mask the specific 
elements which define the unique characteristic resistance 
relationships for each of these mass movements. 
Alternatively, there may be sufficient grounds for 
questioning the proposed model, simply because of its 
inability to match the actual behaviour of a number of these 


events. 


6.5 Predictive Capability of Model 

To this point in the chapter the model presented has 
been applied to a number of rock avalanche profiles from 
both the Mackenzie Mountains and other examples from around 
the world. Only limited success has been attained in an 
attempt to isolate an optimal (u,D) resistance pair capable 
of characterizing a particular type of avalanche. While it 
appears that the competing efforts of several influences may 
preclude a solution to this problem, there are more 
empirical approaches which may be satisfactory for 
predictive purposes. 

Empirical models that are based on a relationship 
between the original volume and the excessive travel 
distance of the rock mass (Scheidegger, 1973; Hsu, 1975) are 
probably of marginal value for runout prediction purposes 


Simply because the volume of the initial rock mass can not 
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eaSily be predicted before the event. While it is possible 
that several of the failures in the Mackenzie Mountains were 
sufficiently pre-defined by an elaborate tension crack and 
fissure network prior to collapse, it is more likely that 
immediate pre-failure volume controls are less conspicuous. 
Consequently, a Hsu-type relationship, which admittedly is 
rather poorly defined for this area anyway, would probably 
be rather unreliable for runout prediction. 

Simple application of an averaged fahrboeschung or 
equivalents coefficaenthof friction) tog predict runout: ania 
particular type of terrain of a limited geographic extent 
may prove successful in some cases. In the Mackenzie 
Mountains, however, there are more complicating factors, 
Such as avalanche paths with abrupt direction changes, which 
give rise to a range of equivalent coefficients of friction. 
As a result, the use of an average value could prove rather 
unreliable, at least for the group of rock avalanches 
examined here. 

As an alternative approach, it 1s proposed that 
Koerner's (1976) two-parameter model can be used with a 
Suite of empirically derived frictional and dynamic 
parameters. Several prediction capability tests using the 
travel path profiles from six Mackenzie Mountains rock 
avalanches will be conducted in this section with this 
method. 

Examination of Figure 6.6 reveals a rather wide 


variation in (u,D) resistance pairs capable of predicting 
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the accurate runout distance at each of the five avalanches 
for which a range of likely velocities is known. By 
excluding the upper and lower ranges of the dynamic 
parameter D for the Huascaran event (due to its 
incorporation of a large ammount of alluvium, ice, snow, and 
water) the most reasonable range of velocities falls ina 
band between about 5,000 and 30,000 m?/s?. The frictional 
parameter ranges from -0.70 to 0.145 on this plot. This is 
a revealing feature which should facilitate the choice of an 
appropriate uw value; when the abscissa of the characteristic 
resistance relationship is plotted on a logarithmic scale 
the most appropriate (u,D) pairs will have a tendency to be 
located very close to the inflection point of the 
characteristic resistance relationship curve. This suggests 
that on average the tangent of the last runout slope angle 
is only slightly less than the optimal frictional resistance 
parameter. While this hypothesis has yet to be proven valid 
for the selection of Mackenzie Mountains avalanches, it is 
deemed to be acceptable enough for this application on the 


basis of the evidence presented in Figure 6.6. 


Prediction Capability Tests 

In prediction capability Test 1, the ability of the 
model to match the observed runout distance for the six rock 
avalanches is assessed. Option 2 of Program RADA is used to 
determine the final stopping position of a hypothetical 


avalanche with predefined resistance parameters; u being 
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given by the tangent of the average slope angle in the 
distal portion of an initially assumed runout distance plus 
one degree, and D being given by values of 7,000, 14,000 and 
20,000 m?/s?. The choice of a one degree addition to the 
FMIN value was not an arbitrary value; the relevant velocity 
matches for most of the events on Figure 6.6 lie between the 
equivalents of 0.5° and 1.5° from the FMIN value. 

For each of the six avalanches the most likely travel 
path of runout beyond the observed stopping position was 
determined from topographic maps and field surveying. A 
series of simulations was performed with the model using the 
above described (u,D) pairs. Where the predicted runout was 
beyond the Nth segment of the observed travel path, the 
additional distance, AR, was noted. Similarly if the 
avalanche did not meee i the limit of the observed runout, 
the difference, AR, was calculated. A prediction capability 
index (in percent), referred to as the P-value, was found by 
dividing the difference, AR, by the total measured runout 
(actual distance on the ground surface). Table 6.1 is a 
compilation of the pertinent model parameters used in 
Test 1. Note that the final runout segment slope angle for 
the Nozzle avalanche was -3.3° but a value of 1.0° was used 
in defining the frictional parameter uw. This alteration is 
justified considering that the distal portion of the 
avalanche only climbed a short distance on the opposite side 
of the river and a much greater portion of debris had spread 


laterally upon entering the valley. 
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Most of the predictions of runout distance presented in 
Table 6.1 for Damocles, U-Turn, Nozzle and Rockslide Pass 
were less than the observed distances. North and South Twin 
showed rather conservative predictions; P-values were 
greater than zero. The best choice of the dynamic 
parameter D was 14,000 m?/s?, for which the absolute mean 
P-value for the six events was 14.7%. The absolute mean 
P-value of 17.1% was only slightly worse for D = 20,000 
oo while for D = 7,000 m?/s? the mean P-value was 26.7%. 
Further refinement of the choice of the D parameter produces 
only a marginal improvement in the predictive capability of 
this test. 

In Test 2, the sliding block model was evaluated, using 
entirely frictional energy losses (u = FMAX, D =oo ). In 
this case the average value of the equivalent coefficients 
of friction (0.173) from each of the six avalanches was used 
as the test uw parameter. The results of the test are listed 
in Table 6.2. Very conservative estimates of runout are 
predicted for the U-Turn, and the North and the South Twin 
avalanches - P-values of 29.4%, 48.7% and 25.8%, 
respectively. On the other hand, runout estimations at the 
Damocles and Nozzle avalanches are greatly underestimated; 
calculated P-values were -45.9% and -27.2%, respectively. 
Only at the Rockslide Pass avalanche does the mean 
fahrboeschung yield a reasonable prediction - the simulation 
gives a runout distance less than one percent in error. The 


absolute mean P-value for Test 2 is 29.6%, which is 
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certainly less favourable than the prediction capability of 
theubestinti;D). pairwof -Test ct: 

Since more reasonable predictions were achieved with 
use of a frictional parameter only slightly greater than the 
tangent of the final slope angle and an almost arbitrarily 
chosen D value, it was felt that perhaps an improved, less 
empirical method for choosing uw could give a better 
predictive capability. What characteristic slope angle from 
the initial slide surface “or potential avalanche profile 
might be a better choice for the determination of a 
frictional parameter? 

A new slope measurement, to be referred to as the a 
angle, was defined for this purpose. The a angle is the 
inclination of the line joining the most distal tip of the 
avalanche and the point on the travel path at which total 
disintegration is deemed to have occurred. In the case of 
Nozzle and Rockslide Pass this point would be at the outer 
boundary of the ramp feature, while at the Twin slides for 
instance, this point would be at the base of the bedrock 
ridge which split the original mass into separate 
avalanches. Obviously some discretion is required in the 
choice of these two points. However, for most examples, a 
reasonable estimate of the most distant point froma 
primative prediction of runout using a mean fahrboeschung 
will produce adequate results. This is because the distal 
portions of most of the rock avalanches from the Mackenzies 


often occupy glaciated valleys sloping at shallow angles (1° 
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to 5°) for relatively long distances. Consequently an error 
in the initial runout prediction is not of great concern, 
Since the model predicted runout will commonly give the same 
a angle as used previously. Alternatively an iterative 
procedure could be used to converge on the optimal a angle, 
although, this was not found to be necessary for the six 
examples examined in this study. The measured a angles for 
these avalanches are found in Table 6.2. 

In Test 3, the predictive capability of the model for a 
frictional parameter equal to the tangent of the a angle and 
a range of dynamic parameters from 7,000 to 60,000 m?/s?, 
was assessed. The calculated P-values for these simulations 
are contained in Table 6.2. The tabulated absolute mean 
P-values show the best choice of a dynamic parameter is 
between 40,000 and 50,000 m?/s?, where the predicted runout 
is only 6.6% and 7.2% in error, respectively. For 
illustrative purposes the P-values are plotted versus the 
dynamic parameter in Figure 6.8. 

In order to optimize the choice of the dynamic 
parameter, the D axis intercepts from this plot were 
averaged. The mean value of 41,400 m*/s? was obtained using 
all six events. However, because the U-Turn avalanche was 
felt to be a rather exceptional case with several abrupt 
directional changes, it might be more reasonable not to 
include this event in the calculation of the optimal 
D value. When this was done, a mean value of almost 


45,000 m?/s? was obtained. 
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Figure 6.8 Plot of P-value versus Dynamic Parameter D for 
Test 3. 
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When this resistance pair (uw = tan a, D = 45,000 m?/s?) 
was tested on the six avalanches, including U-Turn, an 
absolute mean P-value of 6.4% was obtained (Test 3f). Both 
the Damocles and U-Turn runouts were over-eStimated at +9.5% 
and +20.4%, respectively, while the other predictions were 
all less than 3% in error. The absolute mean P-value, not 
including the SVT SANTTER U-Turn avalanche, was 3.6%. This 
represents a substantial improvement over the previous model 
Peccicrions#orglests i andy 2) 

By way of comparison, the predictive capabilities of 
several resistance pairs from the three tests are shown in 
bar graph form on Figure 6.9. This diagram distinguishes 
the more random nature of the runout predictions based on 
the assumptions used in Tests 1 and 2. A plot of the 
absolute mean P-values for the six avalanches clearly shows 
the best resistance pairs Suitable for prediction purposes 
in the Mackenzie Mountains. 

The velocities predicted with the optimal (u,D) pair 
are usually closer to the upper limit of velocities as 
predicted with the fahrboeschung. While it may be doubtful 
that the sliding block model is the best choice for velocity 
prediction, it may nonetheless, offer the best runout 
prediction tool. For comparison purposes the range of the 
optimal (u,D) pairs is shown on Figure 6.1. 

It is worthwhile pointing out at this point, that using 
the model in a predictive fashion with a simple uplift 


pressure assumption, as done in Figure 6.2 for instance, 
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Figure 6.9 Bar graph of 


P-values for various prediction 
capability tests. 
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would yield almost identical results. Alternatively, the 
model could be used with r values in excess or less than 
the value needed to reduce a normal coefficient of friction 
(e.g., tan 32°) to the observed maximum frictional 
coefficient (FMAX). The input of a third parameter without 
a basis for predicting its value, would unnecessarily 
complicate an already indeterminate system of equations. 
Consequently, development of the uplift or pore pressure 
postulate was not pursued. 

In conclusion, the aforementioned procedure has been 
used to satisfactorily refine the choice of resistance 
parameters for prediction purposes in the Mackenzie 
Mountains. While previous efforts to match a limited number 
of superelevation and run-up derived velocities to the model 
predictions have not proved very successful, the 
semi-empirical basis suggested here for choosing uw and D, 
does offer the most reasonable method to date for predicting 
rock avalanche runout distance. Nevertheless, the method 
should not be construed as the best manner for modelling 
actual, more complex avalanche motion. Velocity predictions 
with these parameters are probably in excess of the real 
velocities over most of an avalanche travel path. 

Extension of this type of treatment to rock avalanches 
and other mass movements from around world should be done in 
a cautious manner. The optimization of the prediction 
capabilities for this suite of movements in the Mackenzie 


Mountains does not imply that the method is directly 
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applicable elsewhere, although the hypothesis does merit 


examination. 


6.6 Summary and Conclusions 


The highlights from each section in this chapter are 


Summarized as follows: 


1 The characteristic resistance relationships for six 
Mackenzie Mountains rock avalanches (assuming single 
events) were determined with Program RADA. There was 
not a unique relationship, even over a limited range of 
(u,D) resistance pairs, which would adequately model 
the avalanche runout for the entire group. Even the 
North and South Twin avalanches display different 
characteristic resistance relationships, despite having 
a common origin and nearly identical travel paths. The 
application of a common uplift pressure assumption 
produces a great change in the (u, D) relationships for 
the six avalanches, although there is little or no 
difference in their respective predicted velocity 
profiles. There is some indication that the less 
confined rock avalanches may have a separatable range 
of relevant (u, D) pairs capable of matching the 
avalanche runout. Even if a common characteristic 
resistance relationship was found the choice of the 
best velocity-matching (u, D) pair would be most 


a@ifficult; an infinite number of pairs will reproduce 
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the given runout distance. 


Velocity profiles for the Mackenzie Mountains rock 
avalanches were predicted using a range of (u, D) pairs 
from their respective characteristic resistance 
relationships. The velocities predicted by 
Superelevation and run-up analyses at the North Twin 
avalanche were compared with the predictions from 
Koerner's two-parameter model. Generally, the model 
Simulation was not in very good agreement with the 
velocity range indicated by simple energy 
considerations; a range of frictional and dynamic 
resistance parameters is capable of matching these 
velocities over various parts of the avalanche travel 
path. These inconsistencies stem mainly from the 
inability of the model to precisely match the actual 
movement of the mobile rock mass. Invoking an initial 
velocity assumption, or the use of a simple average 
uplift pressure assumption do not produce any more 
enlightening results; a very Similar range of 
velocities is predicted by the model. Until a more 
complete record of the velocity spectrum in a rock 
avalanche is obtained, the choice of the appropriate 
oad ane parameters to use in such a model, will 


remain difficult. 


In order to assess whether the proposed model is 
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capable of separating rock avalanche behavior on the 
basis of unique material character or geometric 
configuration, a series of hypotheses was tested. 
Entire travel path profiles for a group of rock 
avalanches and other mass movements, largely from 
outside the Mackenzies, were analysed with the model. 

It was postulated that the characteristic 
resistance relationships for these rapid mass movements 
might reflect one or more of the following effects: (1) 
material and or fluid entrainment;(2) reduced 
frictional resistance for rock avalanches on to snow or 
ice;(3) differences in rock lithology and respective 
mechanical properties;(4) geometric confinement. 

For all cases, with the possible exception of the 
last effect, the hypotheses were rejected. Delineation 
of the best estimate of the (u, D) pair capable of 
matching the observed average travel velocity for these 
events, Similarly does not reveal a consistent 
relationship for the above hypotheses. It is not 
impossible, however, that further exploration of this 
topic with a larger sample of rock avalanches might 


reveal less obvious trends. 


To assess the predictive capability of the proposed 
model a series of tests was performed on the entire 
travel path profiles from six Mackenzie Mountains rock 
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resistance relationships for these events (section 6.2) 
and comparison with other rock avalanches, has shown 
that the most reasonable frictional and dynamic 
parameters may range from -0.70 to 0.145 and from 5,000 
to 30,000 m*/s?, respectively. To more narrowly define 
the optimal resistance pairs relevant for a dynamic 
analysis a series of tests was conducted using three 
variations on the choice of the frictional resistance 
parameter. The best velocity matching uw parameter 
typically was found to be slightly greater than the 
tangent of the minimum and very often the final runout 
Slope inclination (f8,). Consequently for Test 1 

uw = tan(£, + 1.0°). In Test 2 the maximum allowable 
frictional parameter without uplift pressures was used, 
u(max) = fahrboeschung. For Test 3, an empirical angle 
measurement equal to the inclination of the average 
runout slope (or slope of streaming) was defined and 
termed the a angle. The frictional parameter used was 
He= tania. 

A parametric study of the runout prediction 
capablity of the model using these resistance 
Parameters has shown that the best prediction for the 
group of six avalanches is found using uw = tan a, and D 
= 41,400 m?/s?. On average there is a 6.4% error in 
the prediction of actual runout distance for this 
choice of parameters. Eliminating the extraordinary 


U-Turn avalanche because of its numerous changes in 
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travel path and high run-up energy losses, increases D 
to 45,000 m?/s? and results in an average prediction 
error of 3.6%. This compares most favourably with the 
Test 1 hypothesis prediction error of 14.7%, or Test 2 
- using the fahrboeschung - which gives an average 
prediction error of 29.6%. While the method used in 
Test 3 is preferable for runout prediction it should be 


noted that it normally overpredicts velocities. 
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7. CONCLUSIONS AND RECOMMENDATIONS 


7.4 Introduction 

The topic of rock avalanche dynamics has been the 
subject of numerous inquiries, both observational and 
analytical, by geologists, geomorphologists, physicists and 
engineers. ~Recently,”a number of papers (Davies; 1982; 
HUenguw tobi “Koerner, 19S0b? Erismann; 19/79; Hardy et val. , 
1978) have reviewed parts of the literature on the 
mechanical treatment of the phenomena and have attempted to 
resolve the most enigmatic aspect of the topic - the 
explanation for the observed mobility enhancement which 
enables large, blocky rock to travel great distances beyond 
that expected for a normal frictional material. The above 
authors do not appear to agree on any one particular agent 
to explain this phenomenon. While this study is not 
intended as a critical review of these hypotheses some 
review and evaluation is a prerequisite for an investigation 
of this nature. Accordingly therefore, a portion of this 
thesis has attempted to assimilate previous field and 
analytical experience into a rational yet simplistic model 
for rock avalanches. 

In summary this study has: 
as Examined the physical environment, the geology, and 

various morphological and mechanical aspects of a group 

of rock avalanches from the Mackenzie Mountains, 


Zn Assessed possible failure mechanisms for some of these 
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events, 

Briefly reviewed the literature of rock avalanche 
dynamics, 

Evaluated velocity information and analysed the North 
Twin rock avalanche with superelevation, projectile, 
and run-up data, 

Summarized the morphological character of the avalanche 
debris from field evidence, 

Evaluated, modified and applied Koerner's (1976) model 
in a parametric study, 

Analysed a suite of Mackenzie Mountains rock avalanches 
and other mass movements with the model in an effort to 
explain the apparent mobility enhancement, and 

Devised an empirical technique to predict runout 
distance with the model. 


Summaries and specific conclusions may be found at the 


end of each chapter and only the major findings and original 


contributions that have resulted from this Study are 


recapitulated in thefollowing section. 


fee Conclusions 


12 


Six rock avalanches from the Mackenzie Mountains of the 
Yukon and Northwest Territories display excessive 
runout distances beyond which would be expected for 
normal frictional materials. These large mass 
movements with volumes ranging from 8 to 370 x 10*§ m?° 


have travelled from 3.9 to 7.1 km on average slopes 
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pangang efroma?:.5° tott2ies° .16 The! hos tinockit ype. for 
these major movements is typically a very competent 
dolomite or limestone, although the movements are not 
confined to any one particular formation. Unique 
features such as lateral spray areas, boulder sorting, 
superelevation and run-up of debris, rarefaction zones, 
proximal ramps, transverse, longitudinal and en-echelon 
ridges, and stratigraphic congruence were observed in 
the rock avalanche debris. A satisfactory explanation 
for the initial failure mechanism at a number of these 
landslides is deemed to be an insoluable problem at 
this time given that the initial boundary conditions 
and the geometry of the failure masses are unknown. 
Field evidence suggests that the initial motion 
probably consisted of elements of sliding, rolling and 
toppling. The roller bearing friction concept is 
deemed to be an inadequate model for predicting initial 


velocities. 


From a review of the literature it is concluded that, 
while there is a plethora of proposed models for rock 
avalanche motion, the empirical or semi-empirical 

approaches offer the best techniques for velocity and 


Or runout prediction at this time. 


Superelevation data from the Twin rock avalanches were 


analysed and suggest an upper bound (subcritical) 
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velocity range of between 16 and 50 m/s and a lower 
bound (supercritical) range of between 12 and 35 m/s 
for various measured cross-profiles. Run-up data would 
Suggest a minimum velocities between 44 and 50 m/s for 
the distal portion of the South Twin avalanche. A 
Simplified inquiry into the spray feature at the Nozzle 
rock avalanche has shown that the minimum projectile 
velocities necessary to produce the observed feature 


would be between 95 and 118 m/s. 


A re-evaluation of the volumes of the pre-movement 
masses from the six rock avalanches has been shown not 
to alter significantly the volume-runout type 


relationship as proposed by Eisbacher (1979). 


On the basis of field observations and air-photo 
interpretation there appears to be a morphological and 
a mechanical basis for separating confined and 


unconfined rock avalanches. 


Koerner's (1976) model for rock avalanches has been 
modified to handle uplift pressures and initial 
velocity assumptions. These two variations have been 
shown to produce significant changes in the relevant 
resistance parameters capable of matching a given 


runout distance. 
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The dynamic (velocity squared dependence) and 
frictional (velocity independent) resistance terms in 
the equation of motion have been related in a function 
termed the "characteristic resistance relationship". 
Consideration of the range of relevant average 
velocities for a given avalanche may reduce the choice 


of resistance pairs for analysis. 


An evaluation of the characteristic resistance 
relationships for six Mackenzie Mountains rock 
avalanches, assuming single events, does not reveal a 
Significantly similar choice of resistance parameters 
with or without uplift pressure assumptions. There 
does appear to be some basis for the separation of 


confined and unconfined rock avalanches on this plot. 


A model predicted velocity profile for various 
resistance pairs for the North Twin rock avalanche does 
not match the superelevation and run-up predicted 
velocities particularily well. This is thought to be 
Primarily due to the changing frictional and dynamic 
reistances throughout the avalanche as a consequence of 
variations of the mode of motion, i1.e., sliding, 
rolling, laminar or turbulent flow regimes are possible 


Over certain portions of the travel path. 


An application of the model to other mass movements has 
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not revealed a ubiquitous link to explain the observed 
enhanced mobility. Material or fluid entrainment, 
travel over snow or ice, rock lithology and properties, 
and geometric configuration were examined with cases 
from the literature. However, there does not appear to 
be a systematic order to the model parameters derived 


for these rock avalanches. 


To assess the predictive capability of the proposed 
model a series of tests was performed on the travel 
profiles from six Mackenzie Mountains rock avalanches. 
Evaluation of the characteristic resistance 
relationships for these events has shown that the most 
reasonable frictional and dynamic parameters (for 
predicting velocities) range from -0.70 to 0.145 and 
from 5,000 to 30,000 m?/s*, respectively. A number of 
empirically derived variations on the frictional 
parameter were used to evaluate an optimum resistance 
pair for these avalanches. Velocity prediction is best 
done by using D = 14,000 m?/s? and uw = tan (FMIN + 
1.0°). By assuming that the frictional parameter yu is 
equal to the tangent of an easily derived angle, called 
the a angle, it was found that the best runout 
prediction for the six events (average error of 6.4%) 
could be acheived with D = 41,400 m?/s?. Elimination 
of the U-Turn avalanche because of its frequent changes 


in travel path results in an average prediction error 
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of only 3.6%. This compares most favourably with other 
methods such as using an average fahrboeschung which 


would give an prediction error of 24.6%. 


7.3 Recommendations for Further Research 

Several relatively unexplored facets of the rock 
avalanche phenomenon have been briefly addressed in this 
Study. These areas of possible future research merit may be 
broadly classified into three groups: geological studies, 
inquiries into the initial movement mechanisms, and the 
modelling of rock avalanche dynamics. Recommendations for 


future research from each of these groups are now discussed. 


Geological Studies Detailed mapping of the 
surficial and bedrock geology and the rock avalanche debris 
at each of the landslides described by Eisbacher (1979) 
would greatly enhance our understanding of the avalanche 
process and perhaps shed further light on the elusive answer 
to the mobility problem. A systematic attempt to date these 
landslides would be of considerable value in assessing the 
present threat from rock avalanches in the Mackenzie 
Mountains. This could be done by palynology, lichenometry 
or radiocarbon dating methods for instance. A more thorough 
mapping of the fabric and boulder orientations, 
Particulara lyin relationato, fhe Original stratigraphy, 
could prove most useful in characterizing the mode of 


movement in a rock avalanche. Finally, a concerted effort 
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could be made to locate and analyse the basal portion of one 
of these rock avalanches. 

It also became apparent during the course of this study 
that an orderly classification of rock slope movements, with 
rockslides and rock avalanches as end members of a continuum 
would be most useful as a basis for future studies. In 
particular, a standardized nomenclature for the 
morphological features associated with these movements would 


be of value. 


Initial Movement Mechanisms Circumstantial 
evidence from a number of movements described here would 
Suggest that seismic accelerations; could have played a 
major role in initiating the first movements of these 
Slopes. Further work to simulate the mechanics of these 
movements, such as physical or analytical modelling, would 
go a long way towards quantifying the effects of earthquakes 
on rock slopes. Furthermore, better estimates of the 
initial velocities of these dry, blocky rock debris masses 


could be attained. 


Rock Avalanche Dynamics Hungr (1981) favoured the 
acoustic fluidization process as a possible explanation for 
mobility enhancement. Analytical or physical model studies 
to more fully explore this concept and their application to 
seismically vibrated rock debris masses are recommended. 


Model studies of such poorly defined effects as lateral 
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Spreading, channeling and momentum transfer would also be of 
value. Similarly further reearch on the potential for pore 
pressure generation and maintenance is suggested. 

In terms of Koerner's (1976) model, some initial 
attempts to scale the resistance parameters (e.g., Bakkehoi 
et a].,1981) by other variables such as volume have shown to 
be promising. Further exploration of this approach to 
refine the (u,D) parameter choice is recommended. The 
determination of the proper travel path for analysis anda 
comparison of different methods as done for the Frank Slide 
in Chapter 5, would determine whether the centre of mass or 
the entire travel path is more appropriate for prediction 
purposes. Finally, further work in defining the relevant 
resistance parameters for rock avalanches from different 
Surroundings might reveal common trends not identified in 


this research. 


Vue 7 ri , ons i 


to od cele bl iydw relane 3 a ican 


7 


~re ~~ Fad 

ei10”gd 24 + © 
> 

* 


< 


noitsrolqxs s9dgtes eye 
wae ay : 


ce \ er = 
, crn anuTosos I 2 f- " “Et oy > ) 193 9me78q (ay: a? = p+ 
Sti » bs a oe 45M ‘ 
” 7 ‘ert 
viens so? #8q levext Teqow;, outa 3 barns 


es abodiom IngtezTES 2018 10a rw 


soi e¢siiqo1es sicom @i BIag foes i. i rt 


# 3 A 
. rf 14 ; 1 sf ar {? ¢ x "OW 5 a sui  eiten * “ 
103% 302 
ra | i ? P| OF 2 \f3 rao | 


REFERENCES 


ALE KCN aruicd ey COOK, DsGui mand eyOLath, C.ue. 19026. Upper 
Ramparts River (106G) and San Sault Rapids (106H) map 
areas, District of Mackenzie. Geol. Surv. Canada. 
Memoir 338. 


Aitken, J.D. 1972. Mackenzie Arc - The cordilleran 
structural province, In Variations in Tectonic Styles 
in Canada, editors R.A. Price and R.J.W. Douglas, 
Geological Association of Canada, Special Paper No. 11, 
pp. 37-41. 


Aitken, J.D.and Cook, D.G. 1974. Geological maps, northern 
parts of Mt. Eduni and Bonnet Plume Lake map areas, 
District of Mackenzie. Geol. Surv. Canada, Open 
File 221. 


Anderson, F.W. 1979. The Frank Slide Story. Frontier 
Publishing tihtd. prcalgary;o58 p-: 


Bagnold, R.A. 1954. Experiments on a gravity-free 
dispersion of large solid spheres in a Newtonian fluid 
undertsheare Royal iSoc. 6 LondonsProc.7aSen. tA; 
VoBir225% tpps 49-63); 


Bagnold, R.A. 1968. Deposition in the process of hydraulic 
transport. Sedimentology, Vol. 10, pp. 45-56. 


Bakkehoi, 0., Cheng, *..,- Domaas, U.4 Lied, Ke, Perla, R 
and Schieldrop, B. 1981. On the computation of 
parameters that model snow avalanche motion, Can. 
Geotn Gis, -VOuse SH pp. 1 2istso0. 


ox 


Barkan, D.D., 1962. Dynamics of Bases and Foundations. 
McGraw Hill, New York, 434 p. 


Basham, Paws; Forsyth, D.A. and Wetmiller, R.J. 1977. The 
seismicity of northern Canada. Can. J. Earth Sci., 
Vol.014 ,Spp. 164651667% 


Bates, R.L. and Jackson, JeAcnAIS8Oe”> Glossaryrol Geology, 
2nd edition, American Geological Institute. Virginia, 
LDteps 


Bishop, ew. Stability of tips and spoil heaps. 
Overt A. mMlounn. CLobnot, (Geol. j;avol.. Gyeppe 335-376" 


Blusson, S.L. 1974. Five geological maps, northern Selwyn 
Basin, Yukon Territory and District of Mackenzie. 
Geol. Surv. Canada, Open File 205. 

Bostoakprn ss: 71970 7eeRhys vographieesubdivisirons of » Canadas 


204 


cact 


WIE 


ea bk ae 
. a 
ae 
> 7 
Hen « - - 
> * = Pa ee 
were - 
. 
’ 
= f 
~ 2 
reag 
; 
— >? 
ee oy ‘ eo 
EF > 
. Box 5 
nis IAiec 
i= = he 
- —s 4 
2 —T) 
ire 
- " : \ 
} Se o"4 i 
ne " 
7 
a il 
. n 
| to 
Ania BK 
« = — 
; ~ T a2 
: ea « . 
3 ve 
re | tio 
‘ 
— in mn * 
- ¢ tw Aa 
- 
‘eters 
. « 4 4 
! 
« 
au 
: A 
‘ 
= - = “ee 
4 Goo 
“ > 
. io , 
-~ 
x 7 
‘ 
“ ~ 
: , “ 
e Ae —'s Rw & 


4 ted \te20F Bn 
3} “abiqen 3 lisse nse Bre 


- = 


Tass 43 


at ‘. -\i 


isnsdoeM 30 


+> =e 


thios 2d? = S38 siznsissl 
aT. mi eho tyes th¥ Mi ,sonky 
WH OG ao nt g Aa "109088 
stosae .Sb8NBY to netias é 
5£99G | 
= r= A 
too foeaed ater ma oad 
= = . he 
Goee soe Rk  pmwbs 
ts s _ : 4 
a . £638 .SiSh92 
de 
- ‘¢t2 dns yt-saT 
> a Se 
e 5 1% > *) Ss 
if ee a8 t "¥ ae ak 
ni siqe Eifee spss. 
30 5bAod we Layo 
tea os 
~co-e 
£450" ro¢ 4+r2zoqed 
c Di ' \ = 
r . ur fo *7e 
mi I . ‘ . oe ee ~ 
7 
4 
: o * - “e it ye aalul 
: Best 4.50. Raeeee ae sb L 2 Bel 
4 : . 
- rma 2 A  ¥ = a 2 i ~ sida Per’ 
+ ; 5c fi fsx & 4 ‘i * - mitt 
r 4 : ~_ = a ‘+ 
wk 3 7) & oa! 
5 Pos 29268 to eo. ganvd 
a . i ee w te : - : 
a se = as & 
i CitpesW Ane .A-o 
* 4 = +o a * ‘ Ds 7 ps 
rs iF te _ saben <; 33% - 
Ls i A - 
;eevolt)6 6 .BBET .A.G .n6 
en ui {Lensoolidse nSor%s 
* ~ 4 al * * 
oc Bes agis io yiesseese 
Ps C7 r . : Fo] 
sy 65 lw LON _ «L080 «6=—. OM 
we 
; as o4 
sn .egem fesipoioep. svit at et ds 
2 ccqem Leese 
Mw io tpitzeta pas 20 st antul cada 
7, . : E el 
og silt — Shans) - ee 405 
<< 7 
Eeivih ft fF ga 05 Dt2- 5 
sieivibdué’ sd dquxpo oes « mo ES 


S08 


+ Sethe 


205 


In Geology and Economic Mineral of Canada, R.J.W. 
Douglas ed., Geol. Surv. Can., Economic Geology 
Report. 9-30, with Map 1254A. 


Brown, R.L. and Richards, J.C. 1970. Principles of Powder 
Mechanics. Permagon Press, Oxford, 223 p. 


Bull, W.B. 1964b. Geomorphology of segmented alluvial fans 
in western Fresno County, California, U.S. Geol. 
SUrV. M.Proofkess. 1 PRapents52E f pp. a'89=1'29*% 


Burns, B.M. 1973. The climate of the Mackenzie Valley - 
Beaufort Sea, Vol. 1, Environment Canada, Atmosph. 
Environ. Climatological Studies, No. 24. 


Buss, E. and Heim, A. 1881. Der Bergsturz von Elm. 
Worster Zurich pcis3p. 


Calkinjfle<Bs tand: Ellis). Mor1S80.2t Atlichenometric dating 
curve and its application to Holocene glacier studies 
in the Central Brooks Range, Alaska. Arctic and Alpine 
Research, Vol. 12, pp. 245-264. 

Casagrande, A. 1936. Characteristics of cohesionless soils 
affecting the stability of slopes and earth fills. 
Contributions to Soil Mechanics, 1925-1940. Boston 
Soc. of Civil Engineers. 


Castro, G. 1969. Liquefaction of Sands. Harvard Soil 
Mechanics Series, No. 81, Cambridge, Mass., 26 p. 


Clague, J.J. and Souther, J.G. 1982. The Dusty Creek 
landslide on Mount Cayley, British Columbia. Can. J. 
BamthnuScas.),, Vole (9 ;2 pp. +524-539. 


Clute slisss. 1971.. Pexnu.barthaquakel ofsMay73i ,451970;5 
Engineering geology observations. Bulletin of the 
Seismological Society of America, Vol. 61, No. 3, 
DD ow laoSoe 


Cowan, S.C. 1978. Micro structural continuum models for 
granular materials. Proceedings of the U.S.-Japan 
Seminar on Continuum Mechanical and Statistical 
Approaches in the Mechanics of Granular Materials, 
(Cowan, S.C. and Satake, M., eds.), Gakujutsu Bunken 
BukyUaKaays lokyo.se0/8,. pp. 162-170, 


Gnawtonds . ARM... and? Curram, Heed 981...8The infltence® of 
Shear velocity on the frictional resistance of rock 
Gtsconvimuit res wept ro. Rock Mech. ==Min. ~Sci..-& 
Geomechs, MADSt rs. “VolCneo,Gipp.) 50525157 


Cruden, D.M. 1975. The influence of discontinuities on the 
Stability of rock slopes. Proc. 4th Guelph Symposium 


- ” . —s —_—— 


~ nom 
4.5 poe 


o 
yoolos? Feat fee 


tapwot to #4 igtiarst OF er soit yet eiokt-y 
gy ESS hrokad ,amOxD ROgeRINS 


>i in ash 


phe 


era? {sivulis hesnempse f epolodqreses aa 
gud 


los® =6.S.5 ravoti tad VInned onastt 
T-Sh cog ,G82© teqet  vees 


; ; “BO 9 ee : 
~ valis¥Y sisnsiosM eft to Ssdamiis sat 
Pe a aa - _— ee "y % > - . 
7 4." o Sof SED od A. re - \sos2 71s HoOotrviise a Lov 
2 + Cc ne OR a me. 
oS .oA .B@ehbet2 iasorcpoldétagriz 


fie ov Srvseeved iad Eat *& woten’ bne 


~<Gtci Hosts sdexe a) ‘ 
ae i 

: . 3 fis fot [ \ DBe i oft. - sitTe bas oe 

13 sicvele anssolon G3 otiential asi bas” 

bas of .steciA ,apask 2exe078 Isigned si 

bas-2ss ,qq {St fay” Motes 
@ 2eslnoizeedon bo avitet tasoarsd) Bf cer oA, ssonsste 
= ae. ‘3 Sis s i. ). ' iiiide32 ant pnistsadiz 
stz08 .6 “262! .a2c0insdosm Liot® ot eneistudtiias 
. sigssnipns Livi 2o-.302 


is 
es ren ‘ oe os : ur a 
i ¥ 4 Sti. Peet” «Oey v9anea: nary ean ups. 
.F .169  eldewie> deities .gs “sD InuOM ag  ebt a6 f: Ca | 
ete-#Se . ciey ef fav... = 22 27 7 


is 


iar, 
~ " - = vo oe: Z = i a ) - P 
aN f . j yaw Pia >A 3 ua St 119 . wer car +23 a 
2 Jo omcsolhius enoisevtoedc ynolesy | sh = 


s 
a 
* 


Oo” ('3 .fov .sebramd to yserjo2 isatpole 


; 2 
S s 


elaiom aygnisnes Getds wise greet 
nsest-.2.0 saa te 2p Of 153420 29 ais 
ite :36 538° Bas igeieerd> aM acai 


elettetss sn lvsaah Ge a@ainadosM oft ni. 
snug vatutotae ,(.288 ..8% ,odsds2 bre ge 
-Off= SO. «gr a OTer .ogso? 
to -spneulint ot eee: Hi ate Sapa 
dz01 39 sone2e tees Tegotasizi edz went: 5 ort 
2 .is8 .oit dee Ase DL dat seek | Lanboade E 


206 


on Geomorphology on Mass Wasting, pp. 107-117. 


Cruden, D.M. 1976. Major rockslides in the Rockies. Can. 
GeOLenbdnGgevoleh | 3hnipp £4 8-20: 


Cruden, D.M. and Krahn, J. 1978. Frank Rockslide, Alberta, 
Canada. Jn Rockslides and Avalanches, Vol. 1, (ed. 
Voight, B.) Elsevier, New York, pp. 97-112. 


Cruden, D.M. 1980. The anatomy of landslides. Can. Geot. 
Onege Vola /*Spp, 295-300. 


Cruden, D.M. 1982. The Brazeau Lake Slide, Jasper National 
Parksea perma, eucan. Js Barth <Scitce Vol.nd9, 
pp. 1011-1024. 


Cundall, P. 1974. Rational design of tunnel supports, a 
computer model for rock mass behaviour using 
interactive graphics for input and output of data. 
UsS. VALMyYSCOLrpssor sEngineers, lech.» .-Rep. | -MRD-2-74., 


Cundall, P.A. 1976. Computer interactive graphics and the 
Distinct Element Method. In Rock Engineering for 
Foundations and Slopes, ASCE Conf., Boulder, Colo., 
VOlee pe. Ooo oe 


Curry, R.R. 1966. Observation of Alpine mudflows in the 
Tenmile Range, central Colorado. Geol. Soc. America 
Bull.., Vols. 77jeppta Wac776. 


Daly, R.A., Miller, W.G., and Rice, E.S. 1912. Report of 
the commission appointed to investigate Turtle 
Mountain, Frank, Alberta. Geol. Surv. Can. 

Memoir 27, 34 p. 


Dahlstrom, C.D.A. 1970. Structural geology in the eastern 
margin of the Canadian Rocky Mountains. Bull. Can. 
PCL GEOL vOl~e to DD. 3527406. 


Davies, T.R.H. 1982. Spreading of rock avalanche debris by 
mechanical fluidization. Rock Mechanics, Vol. 15, pp. 
9-24, 


De Freitas, M.H. and Watters, R.J. 1973. Some field 
examples of toppling failure. Geotechnique, Vol. 23, 
No... 44,4 pps 4955-14. 


Erismann, T.H. 1979. Mechanisms of large landslides. Rock 
Mechanics; Moly.¢ yi 2.erpp.r 1.534 6: 


Eisbacher, G.H. 1977. Rockslides in the Mackenzie 
Mountains, District of Mackenzie. Report of 
Actawiti és prPart fA Ww Geows. TiSunv:.. sCand/sPaper whi ata, 
poeeioor 243, . 


aye 


+ 
aay 


} 7 = 
ee aq «oe pak: 7 
oe 
‘esissen edt ‘ak eebites 
oe os 
ITA , ShL{e@aAson 15 51 
: tr ,iov ,@ancrks 
iT -Ve .ag ° 
a 
183 ,eshiiabaal to euotene adh .08et 
ro -00£-8eS ined 
. - hate 
ay 2 Sr > 3 ft yueese7a afT ¥ : 
Is £32 a3ts8° ~~) '«f8 
> npiaee Lan 
3] 4 gnet M507 
- ;: “—~* -s 
etal 
sons 
aif ASIUgno?, ater ck 2 


~oi pekrsenten@ tone i. .bonzee jremel joniseiu 
> s4fuod ..180D BA2A ~eegele Has enolse qawes 
| But ERE sag 4S. «te 


ee ae 
oftbhum enialA io aor7eyv3 ged .3ae Tt. 
[02 [oo ,.ebsizelaD Latines . sen Et 1 


aT T=F CE Lag «Vt el niu 


aan - .5 a.9 .s0kk bas ..0.8 ,seltee spies . 
oz et Eeail PROV st 4 mnmieg Tos notezsmme Ss 
yuc .-. £008 ss 79d La siete aii nro 


-g 4 e ,Vs omen 


- 
363 i vonéegon i69 plixse ~OTe! mat >: aaa 


a =f nao valoott ‘BLE saH2 yee aah 


'~ 
pxe 


=e e's 
cen 
« 4 ‘= © P yi pi I £9 M9 ,BeF 
> —- & 
: : ¥ if A ataG 7. rBtuls 


Peet , tv ,e@ret2sk sa 762 


: - «) ~SmLis? portagos 20” sigmaxs. 
df e-c2s “Qe 4% On 


sw3al Yo attetnedioeM. -.2Te!r, 
o aie «3G a ov 


arspak2eMh anf i e af z 4 le a yOu «tte 
“ko tt ,isRasDaM to tafageid 
wt 6 5 -€ an +6 5 Tu = 7 ok ser - a ae 


207 


Eisbacher, G.H. 1978. Observations on the streaming 
mechanism of large rock slides, northern cordillera. 
Current Research, Part A, Geol. Surv. Can., 

Paper s78-1A Ppp. 649-52); 


Eisbacher, G.H. 1979. Cliff collapse and rock avalanches 
(sturzstroms) in the Mackenzie Mountains, northwestern 
Canada. /Canze Geot. od.,, VOL we 16, pp. 309-334; 


Eisbacher, G.H. 1980. Cliff collapse and rock avalanches 
(sturzstroms) in the Mackenzie Mountains, northwestern 
Canadas Reply. 6 can. sGeotech.. (Js, VObe.1/ ; 

DD e eho ao2. é 


Fahnestock, R.K. 1978. Little Tahoma Peak rockfalls and 
avalanches, Mount Rainer, Washington, U.S.A. In 
Rockslides and Avalanches, Voight, B., editor, 
Elsevier, Violes 1, Epp. Sheil 196. 


Ford, D.C. 1976. Evidences of multiple glaciation in South 
Nahanni National Park, Mackenzie Mountains, Northwest 
Tenwutoml ese csCanmenru.tearcar thesis. :SVol. 713) 
pp. 1433-1445. 


Gabrielse, H., Blusson, S.L. and Roddick, J.A. 1973. 
Geology of Flat River, Glacier Lake and Wrigley Lake 
Map Areas, District of Mackenzie and Yukon Territory. 
Geol. Surv. Canada Memoir 366, 153 p. 


Gabrielse, H., Tempelman-Kluit, D.J. Blusson, S.L. and 
Campbell, R. 1980. MacMillan River - Sheets 105 and 
Pisit Map ols96An Geo... eiSunrvi “Canada: 


Gerber, E. and Scheidegger, A.E. 1969. Stress-induced 
weathering of rock masses. Ecolgae Geol. Helv., 
pp. 401-416. 


Goguel, J. 1978. Scale-dependent rockslide mechanisms, with 
emphasis on the role of pore fluid vaporization, In 
Rockslides and Avalanches, Voight, B., editor, 
Elsevier p Vola ttstpp 1693-706: 


Goodman, M.A. and Cowin, S.C. 1971/1972. A continuum theory 
for granular materials. Arch. Rat. Mech. Anal., 
Vol. 44, pp. 249-266. 


Goodman, "RéES ‘and “Bray; J.wW. (1976. Toppling of ‘rock slopes. 
Proc. Speciality Conference on Rock Engineering for 
Foundations and Slopes. Boulder, Colorado, ASCE, 

Vol wi2in pp .te20 le2e4, 


Gordon rue ibiriite Mer aveayanccTimmrsy RR. t27858)A major 
rockfall and debris slide on the Lyell Glacier, South 


> _ 
7 ThA 


i r 
Seta 

a «ot ee 

> ai 

- 5 et 
#< a 
cf 
: 

# 


ae 
slave A907 na wegen py 
‘féyon (anrasnvon Ss Es stenosM “edt ) ne ee 2 


; : ne eaceflios 4 
oe 
s : 5 are aisnoansM 
A nostosa7 
an 
fea Sian in? atari 
1.2.0 <f $ent leew —IStis 
- fr 
ios VY eae 
: rT ia 
«sh me i ? es 
E 4 ‘ti fum Yo aes pg at 
44 sisostoeM .2A% a Oe 
se dives G pier ge hx034 


hs hs 


eniian s3sa si2 no 2 nokse sv790d 


o5 nxedd yon |, 6% 
ee ot we. tad 


O all 


FE-COc .da . af -.40¥ yeu 


2aaTrEeRE 
. its 

cei Ab .aatbbo# Bas 2.2 foaeule y 
vefoisw 4 -] +6losid .sevist telt’ 4 
’ . Y San sizasasseM ts soindekd 2803 


Ft fF 
. ilomeM sbanso we 
= mg : 
r.2 ey lt tiulx-nemieame® 4 8e 
‘ es =€ Ss as A > - o =? 
f -£ > = -wavih aati Moah n§eF a 
~~ = a“ 
> ke O14 ” 
» = ry - 
tiled Tes [i -« 42 eat e& Pa 
fuk losdD espiadok ,as2e 
>a FT o a Prxrarrs 
sa bilessoel menasg 
‘ ae mi 
{ , 7aT7 ~ Lae i Qi. a Xs 
4 at yet OT? 
‘ 7 _ 
at) | 
~ L\ eror 
=> > ww? ~ 3 owe 
- 
4 3 Avie a 2 
J 
* 7 al e4 
( t a iy ar? Phe od 
- —_ e,* 
| : ‘ Shares 
sd P = 
4 Ly ‘ Jive & 
a 
- 
~BVot 0 se inet mine he 
a - = = > = 
} A ae a is ne 
’ > * 


208 


Georgia. Arctic and Alpine Research, Vol. 10, No. 1, 
pp. 49-60. 


Gray, J.T. 1973. Geomorphic effects of avalanches and 
rock-falls on steep mountain slopes in the central 
Yukon Territory.In Research in Polar and Alpine 
Geomorphology, 3rd Guelph Symposium on Geomorphology , 
ppo, 10961) 7% 


Griggs, R.F. 1922. The Mageik Landslide. Jn The Valley of 
Ten Thousand Smokes. National Geographic Society, 
pp. A357147;3 


Habib, P. 1975. Production of gaseous pore pressure during 
Bockesliges.~ RockkMechanicSgl Vol. Valppsen9s; 197% 


Hadley, J.B. 1964. Landslides and related phenomena 
accompanying the Hebgen Lake earthquake of August 17, 
1959. SUSBSSGrSsnaerofessionaliPaperi435f ppsid07-135. 


Hammett, R.D., 1974. A study of the deformation of a 
discontinuous rock mass. Ph.D. thesis, James Cook 
Univ. of North Queensland, Australia, 237 p. 


Heim, A. 1932. Bergsturz und Menchenleben. Zurich, 
Mierteljahrsschoniti725-Noz020, Beiblatt,. 218. p. 


Heimgartner, M. 1977. On the flow of avalanching snow. J. 
GlacrologyPevols, 1Srapper S57 2362. 


Hardy, R.M.,. Morgenstern, INJR.. and sPratton, F.D. 1978. The 
Garibaldi Advisory Panel Report. Dept. of Highways, 
Prov. Government of British Columbia, Vol. 1, 2 and 3. 


Hoek, E. and Bray, J. 1977. Rock Slope Engineering. (2nd 
ed.), Institute of Mining and Metallurgy, London, 402 
Pp. 


Howard, K. 1973. Avalanche mode of motion: implications 
fromeunes examplées<s, Science; «Vol sei8Onepp ss 1052-3055. 


Hsu, K.J. 1975. Catastropic debris streams. (Sturzstroms) 
generated by rockfalls. Geol. Soc. America Bull., 
Vol. 86, pp. 129-140. 


Hughes, O.L., Campbell, R.B., Muller, J.E. and Wheeler, J.0O. 
1969. Glacial limits and flow patterns, Yukon 
Territory, south of 65 degrees North Latitude. Geol. 
Surv. Canada, Paper 68-34. 


Hughes, O.L. 1972. Surficial geology of northern Yukon 
Territory and northwestern district of Mackenzie, 
Northwest Territories, Geol. Surv. Canada, 
Bapere69-86, Bip: 


7 


1 


& 
“ 
J 
wr 
il 
% 
* 


os 


a ol. SS 
on 


aetioosiat 
Larsen -ods ex eae 
regia Bers 18L6 
roolodguomes® mo aul 


ot fo douse 


oe 
; 


a 
; ' ? v ot Z ' 
=) q cis , 8st 
r -“ ’ = # = OCs 
. - we PADS , « 
£.. - —— > ~ re 
‘ < r a Sh i LG 
yt tm 2 
ad . : 4 * 7 
, 
= 
” f - a 
e it= 
4 46 - 
. 
: ae 
- on fa p 
4 A. , ~ 4 
by 
. a 
c tt 
= 9 * sa 
om at 
aWs LG ~ is: 
f 7 > assent”) 
v ‘ ah SA ed 
- ‘ . 
‘ , b anal? 
“ L 3 = ; ed 1S aug eS 
7 iftes eal 
" 3: L ¥ biked a a Be Sa 
‘ 
a 
és a ‘ > 
tA ¥ % 
~ F . 
; ; - - le . 
“” 
, 4 — ~ / a 
ae Fa 
tt He waa % ® 
feet 
Rie 
te 
i eg 
ry 
os ’ , += 
:d ~ or) Ww 
- A ¥ 
~ ' = 16 4 
‘ -< * 
; 7 
‘ 
y * 
3 ' ) ¥Q¢ 
‘ « - 
- ; ra + ” 5 ~ 
be a 2 3s"4 2) >i ln w 
7 7 i 2 
a Ais 9 | et * ij fe 


“ 

"i 
~ » 
‘ om +A 
=\s * 

~~. 

. > 

i . 3 

YT aF 
Ww > = 

&, ae.c- 

ts ‘ 

ne 

‘ Mf ly So 

- 
iets 


. ans nate 


~~ 


209 


Hugies;,, O.L.., Verllette,J.0% ,2Piliong; 0. rand) Hanleyjs Pit. 
1973. Terrain evaluation with respect to pipeline 
construction, Mackenzie transportation corridor, 
central part, Lat. 64° to 68°N. Task Force on Northern 
Oil Development, Report No. 73-37, Information Canada. 


Hungr, O. 1981. Dynamics of Rock Avalanches and other types 
of Slope Movements. Ph.D. thesis, Dept. of Civil 
Engineering, University of Alberta, 506 p. 


Johnson, A.M. 1970. Physical Processes in Geology. 
Freeman-Cooper, San Francisco, 577 p. 


Johnson, B. 1978. . Blackhawk landslide, California, U.S.A. 
In Rockslides and Avalanches,Vol. 1, editor Voight, B., 
Elsevier, New York, pp. 481-504. 


Kaiser, P. and Simmons, J. 1980. Unpublished field 
observations from. Twin, Avalanche Lake and Damocles 
rock avalanches, Mackenzie Mountains, Yukon and 
Northwest Territories. 


Kellerhals, R. and Bray, D.I. 1971. Sampling procedures for 
coarse fluvial sediments. ASCE Journ. Hydraulics 
DU etVOlF.L eo0.,4 pes Pie oetlu SOs 


Kelly, M. 1980. A prehistoric catastrophic rock avalanche 
at Holsteinsborg, West Greenland. Bull. Geol. Soc. 
Denmarvk,.2VOINe 28i9 pp. 7 SGE79% 


Kent, P.E. 1966. The transport mechanism in catastrophic 
Locke tals... JOULNalmOL  GeEOlOoy, »VOlL.. 74) /ppDe. fo G3. 


Kjartansson, G. 1967. The Steinsholtshlaup, Central-South 
iKeelandtonwWantiany, tsth,2-1967. Jokull 17 Ar.., 
DOee soa Os. 


Kojan 2 and “hutchinsonie. Ne 1978. Mayunmarca rockslide 
and debris flow, Perv. In Rockslides and Avalanches, 
Voight, B., editor, Elsevier, New York, pp. 315-364. 


Koerner, H.J. 1976. Reichweite und Geschwindigkeit von 
Bergstuerzen und Fliesschneelawinen. Rock Mechanics, 
VONsSS Sipps 7254256. 


Koerner, H.J. 1977. Flow mechanisms and resistances in the 
debris streams of rock slides. Bulletin of the 
International Association of Engineering Geology, 
NoiPSi6 -eppe FORaNOs. 


Koerner, H.J. 1980a. The energy-line method in the 
mechanics of avalanches. Journal of Glaciology, 
VOUSTZOIP No reoa 2 pow -500+4505. 


= \o 


rves eh cord tinh | 
a3ZA-° .e2nSm nbb9e: feivu, [2 


a 

a a 
ts sf sOt3e lass 
- « atd 7 
ssiD Jae ,¢ 
ot ao | tl Pee e 

. “su .'% 

= > ~ 
72h ep qe Asa72 3 
a ~*~, 4 -< . 
sgicso 36 1sariv 


: 5 ofa 
peatsett 432 427) 
-— » Be a =| ‘ 
’ < 4 ite 
ke 1 
ror t sa ~~ ty 
Leu stew « fogs 
324 


bs sd iewdsion 
lsentizaezsiiit ba : 
~ a > 
aées~-ess ‘a 


S176 348 BOL4 ae Ere: eH 


ee rs <2odoanh: — 


eahile sagt 20 2889 ta abe 
28° hot issisoeea Laaotjan 


bie bP 
ah 


4 


{VISORS ert \ 


* agér roe 95 2 


210 


Koerner, H.J. 1980b. Modelle zur Berechnung der Bergsturz - 
und lawinenbewegung (Model conceptions for rock slide 
and avalanche movement) . Proceedings International 
Symposium Interpraevent 1980. Bad Ischf, Austria. 
Septwesc-ai2 919000, Vol. @2,- pp. 15-55. 


Krahn, J. 1974. Rock Slope Stability with Emphasis on the 
Frank Slide. Ph.D. thesis, Dept. Civil Engineering, 
University of Alberta, 244 p. 


-Krahn, J. and Morgenstern, N.R. 1979. The ultimate 
frictional resistance of rock discontinuities. Int. 

J. Rock Mech. Min Sci. and Geomech. Abstr., Vol. 16, 
DDiw tei —a3s. 


Lang, tleBapeDawson), ak. baxeand «Mar tinellipeMi2197Z9; 
Application of numerical transient fluid dynamics to 
snow avalanche flow. Part I. Development of computer 
program AVALNCH. Journal of Glaciology, Vol. 22, 

NO OCEGIAIDp ..@LO Tail S. 


Leblanc, G. and Hasegawa, H.S. 1974. Earthquake data and 
Gesign ground motions for the Yukon Territory and the 
Mackenzie Valley. Environmental-Social Committee, 
Northern Pipelines, Report No. 74-15, Information 
Canada. 


Lied, K. and Bakkehoi, S. 1980. Empirical calculations of 
snow avalanche runout distance based on topographic 
parameters. Journal of Glaciology, Vol. 26, 
pp. F657hLE! 


Marangunic, C., 1972. Effects of a landslide on Sherman 
Glacier, Alaska. Ohio State Univ. Res. Found., Inst. 
Polar Studies Rep., No. 30. 


Martinelli, M., Lang, T.E. and Mears, A.I. 1980. 
Calculations of avalanche friction coefficients from 
Fieldndata. GJournabyuof GlaciologypeVol: 126;2No. 94, 
ejety 1 Obs kecd Pub). 


Marsh, L., Erismann, T., Heuberger, H., Preuss, E., and 
Schoecker, A. 1981. Frictional fusion on the gliding 
planes of two large landslides. Geological Hazards, 
Earth Movements, Section 17, Proc. 26th International 
GeologicabiCongness,AParisthpp.2e)1=45. 


McConnell, K:G. and Brock, RoW. 1904. Report.on the great 
landslide at Frank, Alberta, Canada. Can. Dep. 
Pntberd, FAgnus KRep y72090253903, Part B, 1/7 p. 


McLellan, P.J. 1982. User's Manual - Program RADA, Rock 
Avalanche Dynamic Analysis. Dept. of Civil 


a A 

ae 
s2uJapee if 
obile fooy 03. pester 

Len sidenieaat eonibe on ae 

.atitewd y toes ‘bat 

2a-d > 

sit ao atendqad ditw 131 Pedme@vege 2 
.pnizieeriong fivisd ,3qeG@ ,etasd2 


a bes ~ 


* - ~~ ~— # a 
temi¢ig eat ~EVET > Ps. 8 +299 308Q 20m 


2 «> . 
oa = 3 Lum INGSeIS 4302 to sone7 fend. 
’ 


$35: Shi 
fade , fosnoe? bra > ise heen Bp hr it ROS 
: wtp RELIST 


sf % : = 
~ "ia “Cee : 
2 rt. — ' - 7 ie 7 a 
er .M . tlisntd7eM Boe . al moawac 
pa ; ra > > < a 5 
: i i tnsianes ee nc tteo8 
a, ” T bal « ~~ 
- { L © Cj e a 376% 
f i - r 74 
> Lors96le 2o Lteniv 
ad 
«i ° MS ot ete “ 7 
‘ >a 3 | 4 ‘eoH 
= y J a 7 i ; i ¥ ty Tcl 2n 
- ~,* io ee A oo case 
. u | Ss) > ed & FTE 
> Bo % ¢ 
4 : * ; - ' eV? _ 161SH , 
jJealusic ia 3: ws »Q6el 
4 
Se .S" ~ = ? : 2 aa x Ma Ie Lt } 
ral air yoalortosipd oa 
5 * » 4 % wt Rel te ar! a 
- - ~ -f 3 - ~*~ 
adlit « Gs . { ¢ 5B 5 Pae Sw PS obs 
- — 4 . 
= ¢ UD het vin s782 Ogi 
.O¢ “4 ‘ 
, =v cas ant i oA, mes 4 
eV — > A . + 16am BNnasé os r » DAEs re “9 , i. a 
foiitee> notsorist .stiocelseva to sao ssiuots 
t r - c ~~ a ey 2 
i .dt .fov ,y@otortoelo to Laniveti” 22 i 


RIT -R0h gg 


| pet , faved’. . Hl tepaedook ..7 .arceine 313. 
$< iofevt? Laenertoixe ./8@r ist3 90n3 
es3 polos® .e¢shilebaal aorst oO WE poise: 
ianoisente2o1_¢2a& .9639 .2 noldose ,etnemeveM Asaee 
“ft de .giavet patexD: ee \sptgatcm 
ie 


: ; 4 at 
» of? nb 23908! se! WA 40038 Bae 4 

C3 GS af a Le <an oe fo a 
tna aa 


a 
ia, > 


Engineering, University of Alberta.: | 


McLellan, P.J. and Kaiser, P.K. 1983. Two rock avalanches 
from the Mackenzie Mountains, N.W.T.. Abstract, 
Geological Association of Canada Annual Meeting, 
Victoria ate B.C: 


McSaveney, M.J. 1975. Sherman Glacier rock avalanche of 
1964: its emplacement and subsequent effects. Ph.D. 
thesis, Ohio State University. 


McSaveney, M.J., 1978. Sherman Glacier rock avalanche, 
Alaska, U.S.A. In Rockslides and Avalanches, Voight, 
Be, 1200,; EMSev.1 6%. 1V0.;.--1!, spp. al97-—258.. 


McTigue, D.F. 1979. A non-linear continuum model for 
flowing granular materials, Ph.D. thesis, Stanford 
Univers it yionl,7 6)-pl. 


Melosh, J.H. 1979. Acoustic fluidization: A new geologic 
process? Journal of Geophysical Research, Vol. 84, 
DOs Lopbsce/ 520 


Middleton, G.V. 1970. Experimental studies related to 
problems of flysch sedimentation. Jn Flysch 
sedimentology in North America., Lajoie, J.,editor, 
Geological Association of Canada, Special Paper 7, 
pp. 253-272. 


Mokievsky-Zubok, O., 1977. Glacier-caused slide near Pylon 
Peak, #8uitiush Columbian, Gana Usan-Barth.Sci., Vol: 14, 
Ppaiz6 5722662: 


Mollard, J.D. 1977. Regional Landslide types in Canada. IN 
Reviews in Engineering Geology, Vol. III, Coates, D.R., 
editor, Geol. Soc. America, pp. 29-56. 


Monroe, R.L., 1973. Terrain maps, Mackenzie Valley, Upper 
Ramparts River 106G, San Sault Rapids 106H, Carajou 
Canyon 96D, Geol. Sur. Canada, Open File 132. 


Moore, D.P. and Matthews, W.H. 1978. The Rubble Creek 
landslide, southwestern British Columbia. Can. J. 
BarenoCi VOU mmio DD, 1039-1052; 


Moore, D.P. 1976. The Rubble Creek landslide, Garibaldi, 
British Columbia, M.A.Sc. thesis, Dept. of Geological 
Sciences, University of British Columbia, 84 p. 


Morris, H.M. 1963. Applied Hydraulics in Engineering. 
RonaldePress; Newl York, 455 ps 


Mueller, L. 1964. The Rock slide in the Vaiont Valley 
Felsmechanik und Eng. Geol., Vol. 2, pp. 1489-2120. 


: f Pay e 
eadonels | Cb ASS 4 
~~ sacé . TWA: an .SINU0M 
. , n&é shene er 7 > nobe 
aa sont teu ' 8 " 
a5 i 6a - 
; .— 
io stbaciavs #9073 I1S8lS 
a.a¢ s3s59iie Faeupee 
« 
iv) ava ADOT T4195 
4 tov dansievaA Sas 
,8eg-sero. 
b issneoo 
is | 
4 e 
) 
ax 
i : 
ou 
ey — iF 7 ’ mryecsa Laven "2 ,AOss 
al rsinomibee doayld - eldoxg 
2 sioOrsa »* &. SA assoK os | a OL ae nomibs 
=> wh ; ; * atnal 
. fetnege .ebsns. To morses5 sstScHee Lo 
; rs-Ees .tIC 
~iytl *e : hema gon taroan ls) Viet odui- yaa 
“ fo i G nao? .sidmgl 
¢ m de ¢ eb ri y Ti.! wate nak 
‘ « ‘ r 
a 4 3 ti. .feV sveoleso enritsant 
: 34 SaRA na 
a » 1 48S" far 2606 
_ l ata a7 Fuel a. oY 
at se hs Se 
> Of 2b2Ge tye? is 
Li re eEpzsonel a “a aa 
cD —— a . 
‘ ¢ -evet sii .awediisM pan 4.0 
3 sfod. de2L.ec78 AF 
. BU t -2 =f) ' cor 
» ; r 
ei . Gi AASTY Gat 
of © <i ,eieen? .5e 
: 7 M0402 deiztiya 3 
-bi i i seeps ad : 
| Qe 2e2 
7 y a en. ny 
nae 5 ; ir 5 af 3 ni eStie aAsok 4 
" 7 7 = _ _ 
OS1S-24at .qq <5: .f0¥, loam: Goads 
‘ : 7 a 
7 a 


Zz 


Mueller, L., 1968. New considerations on the Vaiont slide. 
ROCKeMeC i eG U End. “GeO lw iaVOluesO INO. loco DD. el=4 Oi 


Mudge, M.R. 1965. Rockfall-avalanche and 
rockslide-avalanche deposits at Sawtooth Ridge, 
MONcana.. —GeO.. ©SOC. Al. i BUl?. 7 VOl..76,, Dp. 
1003-1014. 


Nasmith, H.W. and Mercer, A.G. 1979. Design of dykes to 
protect against debris flows at Port Alice, British 
ColumbidusesCanmGeoteon.,, J. , VOl.w 16, Dp. 1460-75 /.. 


Norris, D.K. 1972. Geological map of the western part of 
the excursion area; Intern. Geol. Cong. 24th Sess., 
Field Excursion A/4 - Lower and Middle Paleozoic 
Sediments and Paleontology of Royal Creek and Peel 
River, Yukon, and Powell Creek, N.W.T., Lenz. A.C. and 
Pedder,. A.E.H., editors, p. 39. 


Norris, D.K. 1975. Geological maps, Hart River, Wind River 
and Snake River, Yukon and Northwest Territories. 
Geol. Surv. Canada, Open File 279. 


Nye, J.F. 1952. The mechanics of glacier flow. J. 
GIBECVOLOGY. 4 aVOl. G2, NO, ble, DD eroenes. 


Oswald, E.T. and Senyk, J.P. 1977. Ecoregions of Yukon 
Territory. Fisheries and Environment Canada. 115 p. 


Pariseau, W.G. and Voight, B. 1978. Rockslides and 
Avalanches: Basic principles, and perspectives in the 
realm of civil and mining operations. In Rockslides 
and@aAvalanches ,#Woignht} +B. y“edttor,; Vol.” 2,"-pp. 1-92. 


Pariseau, W.G. 1980. A simple mechanical model for 
rockslides and avalanches. Engineering Geology, 
Vol. i6pepp. Ont =423% 


Patton, F.D. 1976. The Devastation Glacier Slide, 
Pemberton, B.C., Abstract,Symp. on Geomorphology of the 
Canadian cordillera and its bearings on mineral 
deposits, Geol. Soc. Canada, Cordillera Sect., p. 26. 


Pautre, A.F., Sabarly, F. and Schneider, B. 1974. L'effet 
d'echelle dans les ecroulements de falaise. Proc., 3rd 
Congress. OC1ISRMP=Denver; VolY*II-B;- "pp. 859-864. 


Per lava Cuend; cL. amanda mcc. ung, DieM. 1980) 2A 
two-paramter model of snow-avalanche motion. Journal 
OniGiacs oogy \eV0l, 626" *No. “94 "pp. “197-207. 


Piatker s Gees Brecksen, sGcrrona. Concha, J.F «tosis 
Geological aspects of the May 31, 1970, Peru 


ae. se 
? om 


2 7 + 
ebiiz yaots¥ sdt fn =? 
<ot-t ag (Sh OR y 


: 
aw 


a 


608 * peal {atts 


aobift dzoodwee - 38 1 sasb odonats 
nr, 


~ AY - reed * 
sf .eatik 2169 35 
847 aa af £Lov 
._- ¢ 
sq tczs3e aig 16 qsn terteotos 
af ”* ~~ ; 
. onod. .iese _@rssnat ot ee 
fi sted efbhIM Bes té¥el . BNA iteoae 8 
‘ ss) i8¥ A oe yoo ssnesisd B > ns 


coors 5 as a Y | 4 
> met ° Ww. 7 seid fle woe Bris 2 1 f vy TSS 
E «Gd i 


10 sibs 4 ae : Aa 


nevi BAW ,1evIR TIA eae Leo Yodrowen ater 


tse 9 ftit91 +aaw it. A Dns Aoauy | , 19vin . of ae et 
“'S cect , Baste : sv Lie : Loe: 


‘qa 


* 
o 

at 

— 

+ 


7 rs? ~ 2 i. + > . 
at ¥WOi2 2944 hk 4 25.85 
g fF all . a ~ - € 
2 eae a * a2 _ ay »-o" ¢4 
v 
‘ y = - nn ah al * et 
O-rwv 7Q BSiOlEy ) 11 7. 
> ol , > * 
: _ fos ) rene ryna OFS €92.4 
: ——s —. 
& om | ‘ ’ aw as 
offs t 3 3§ ,e] gid , ou 
° + * 
a ~ 2 - . a “ * 
ni @9vVi aSeisog Vs ,esiqioniig 
4 _ | ~ se > 2e Palla ay ed or ¢ 
a 4 | \ A * +e > aot m> oA, ted ot fit : ‘ 
rk . ~ ~ a ~ : er ~ iw 
oa a® « : iv 4 Aw ws = Ds , = 3 wv tee 
c ' A 
ns — f —a. 7 
TGi fon ig vsa sinem stOmiz A 
¢ - 7 . ~~ ~ wr ef 
L « ! Sits le eve Snes 6 
¢;c? 
scGat 
~~ ™ H ert r 
L yEDSHA noLrsgBnte Se SPA 
br) + eat 
oS . L 3 Se) OO ELS » 295 3° eet 
~ _ i an " > on = ad awe fa we x ~ 
be a UR pcs re: 2a 25,i-oaDNe 2 
4 * r * i ia ~ ty 7 vie 
: oe e ri rhaco ,seers./ ra 
a . a ae J anf P 
J le y % » + -ehteonil ie firs 4 4 
ie. 
. - 7 
~— _ < mle 176 4 “2 
. vas x B4 — Fa, Si 4aMSiVO 129 mol 
b , 
* 
7 ao 1 y £ _ we me y 
“Ca wl 4 4 if ia . Lov 4 yavned _ Ma 
- 


a _t t Md ET : enuf: 2om ns my 
Lanner sitom sfanbl eue-wone to. isbom 
7 4 i) ‘| son as >» « Lev sR! 


Te? «feb er Sos 2.28 5 yee: £35 
ered Ova tS. Gee “ould. Fo @toeqes Ee 


aa 


213 


earthquake. Bulletin of the Seismological Society of 
Amen ICayy, VO’. bil, NOs 3) D0. 457570. 


Plafker, G. and Ericksen, G.E. 1978. Nevados Huascaran 
avalanches, Peru. Jn Rockslides and Avalanches. 
VOo1ght, Bapseditorns Elsevier? Vol4g1;app. 2777-3148 


POreers.c. dna orombeii 1, G, 1980. “Catastrophic: rockfall 
of September 12, 1717 on the Italian flank of the Mount 
Blancemassl ive tZnesGeomorph:, Nese) Vober245 Noi12, 
pp. ¢Z00+208. 


Poulos, S.J. 1981. The steady state of deformation. ASCE, 
VormelOgea NowetGT 5; epp.t553-564+ 


Prest yov.hke, Grpant@=D.R. and Rampton, V.N. 1968. Glacial 
Map ort Canada. ..Geol.. Surv. Canada. Map 1253A. 


Rapp, A. 1960. Recent development of mountain slopes in 
Karkevagge and surroundings, northern Scandinavia. 
GEOlnrADI 1p ViOlmees 20275), BDD.eh 1-200. 


Romero, S.V. and Molina, R. 1974. Kinematic aspects of 
Vaiont Slide. Proc. 3rd Congress ISRM, Denver, 
Voit .1 ISB? ppats86é55870- 


RuttenyiN.W., 1BoydellsaaA.N; }ySavignysek.We and 
Van Everdingen, R.O. 1973. Terrain evaluation with 
respect to pipeline construction, Mackenzie 
transportation corridor, Southern part, Lat. 60° to 
64°N. Task Force on Northern Oil Development, Report 
Nosa73-36, sinformationsGanada: 


Rutter, N.W. 1980. Late pleistocene history of the Western 
Canadian ice-free corridor, Canadian Journal of 
Aptnhropologysnvorgis, eNo.Cantpp. , 18s 


Salm, B. 1966. Contributions to avalanche dynamics. 
Scientific aspects of snow and ice avalanches, Davos, 
TASH: “Publi, 69. 


Savage, S.B. 1979. Gravity flow of cohesionless granular 
materials in chutes and channels, J. Fluid. Mech., 
Vous 2o27 ppe75s576. 


Scheidegger, A.E. 1973. On the prediction of the reach and 
velocity of catastrophic landslides. Rock Mechanics, 
Volo eID etco ae 3 Oe 


Scheller, E., 1970. Geophysikalische Untersuchungen zum. 
Problem des Taminser Bergsturzes. Diss., E.T.H., 
ZUrichs 


Sharpe, C.S. 1938. Landslides and Related Phenomena. 


Pere : hee | 
.2sfonslava Bas Lasson 
ESTES caq.,! 1aive 


fistsoex ‘piriqordeete3 -oset 2 ‘ ieee 
tnuoM eds 3¢ dealt asifeal eft no SITE Shs 
S .84 (3 16¥. 6.%.¥ i a weit 
: ee a : 
7 ne a 
$92A .coftamioteb Yo siade ybesde sd?) a 


.t32- ece <a 270 ah - ray t 


faiosfia ..ga¢! ,4.V- yangomel S58 8 q.0- 
ALS, qeM .sbaensd .,.. vite - fase 


li @agoia niainvom fo inemgoleveb jnsosk hd 
sivenibas22 ntediien ,apnibayorme Bas sipsvod 

“7 = .qep.  CE\STS .e lov snd Wat 

> tha 

ot Ani loM Bas «Vee: 


c > 


ig ejosqes oitswentmz ~S tet e 
1avyneG ,MAei egesipne> Sr .nosd .sbbie not! 


.0f8-aa8 va B01 


pivs2 «fA _Lfebyoe- it, 7 


bs .W.k <n 
197 ,£¥er ws ,hegetbrsve: a. 
r 


Aiiw ae ivan BYS niey 


4 
>. t ws hel ’ 

oom -~ oe 
PEP. ‘iw. .*) 


ts tpuatencos eailegia oF dohen : 

Jd , Stay aredtyeod ,1051 i303 1osgestogEe 
mgoleveG {50 nm teis2o% neo Saz68 2e87 (ae 33 
.séens3. cotdamretat sclial ; 


aisi2eW add Yo yueteld enssoteielg sa6d ,OBRE wi 
to [ensuél mefhsnsD ,r0hisi0> se7%9-sSt feleeaeee 


a-t .g..¢ ,ov .f-. tov sak oe 


; oe 
-2imaeayvh ettonasigva oF Sncitudizsnod “Vesa, fs 
z0ven0 ,2edonsleve 951 bas yone te ajosqes SIT soars 


2a ,»fdud Hd. 


ae a MA 
rsiuoste easindtaedas Io-mei? vitvse79. ~Syete Soo. 
.-498M .biul® \t ,aleateds bas astudo af efal 1 ain 


A) at 9 ~ 99 St) "i 


bas dogecax of? Io a¢ ‘j4ibese Si2-nQ «PTS! 3. A(t 
.223ifsc2eM Acoe .esbelebasi 2isigoijesien to Bt i. 
~-CEE-TES ‘e se oe! ov: 


on idsetinndavtaced O08 48 
i'd _ .#sesusepred s:eenima?T as6 2 

| ihe 
.ccsmonsd? betalst bie, sebilebag), ..BERE 


214 


Cooper Square Publishers Inc., New York, 137 p. 


Shreve, R.L. 1966. Sherman Landslide, Alaska. Science, 
VoD e154. pp. 71639-1643). 


Shreve, R.L. 1968a. The Blackhawk Landslide. Geol. Soc. 
America Special Paper 108, 47 p. 


Shreve, R.L. 1968b. Leakage and fluidization in air-layer 
lubricated avalanches. Geol. Soc. America Bull., 
Vol a7) pp .ees3s658); 


Solonenko, V.P. 1977. Landslides and collapses in seismic 
zones and their prediction. Bulletin of the 
International Association of Engineering Geology, 
VOle lo gtpDee 456. 


Stauffer, M.R. 1966. An empirical study of three 
dimensional fabric diagrams used in structural 
Anat Y SUS a Conny «) geeebarth  SCi.. VOU.) 34) sDP 4754 90%. 


Stevens, A.E. and Milne, W.G. 1973. Seismic risk in 
northern Yukon and adjacent areas. 
Environmental-Social Committee, Northern Pipeline, 
Rept. 73-7, Information Canada. 


Terzaghi, K. 1962. Stability of slopes on hard, unweathered 
LOCK ©Geolechni gue, aVOl 62) spp. 2ola27/0: 


Vallejo, L.E. 1980. Cliff collapse and rock avalanches 
(sturzstroms) in the Mackenzie Mountains, northwestern 
Canadas Discussion. “Can. “Geotech. -<J., Vol. 17, 
pp. 149-151. 


Varnes, D.J. 1978. Slope movement types and processes. In 
Landslides: Analysis and Control, Transportation 
Research Board, National; Academy of Sciences, 
Washington, D.C., Special Report 176, Chapter 2, pp. 
iZao3. 


Voellmy, A. 1955. Ueber die Zerstoerungskraft von Lawinen. 
(The destructive power of avalanches). Schweizerische 
Bauze woung ee cUGiChy von) 36D. Loot loomed oasis > 
246-249; 280-285. (Translation by Alta Avalanche Study 
Centre, Wasatch National Forest, U.S. Dept. of 
Agriculture, Forest Service, Translation No. 2, 1964, 
6505) 


Voight, B. 1981. Time for the first moments of the May 18 
eruption. In The 1980 Eruptions of Mount St. Helens, 
Washington. Lipman, P.W. and Mullineaux, D.R., 
POLtCOrVs, .o.0 70. Pe Coressi1onal Paper, i200,-0pp.  69-86., 


Velde s-;ollcKen ha wocanda, Reo. and Douglass 9PM. 


4.74 
a 
e et 
+ 
: ~- ‘ 
Ls ~ 
( Yo 
~ ¢ 
‘ 
. 
’ 
A 
+ 
r 
- 
. 
& w 
' 


vadeats “anil bia nant 


,e.¢ -_* 
ry 
6X i Wad 
302 
Oo wt 


phar ¢ 


‘ ae 


1h > = 
aT ig aif 
ba nll 199s 


o> Bas 
2s ue 
s0 (Ros 
yl 4 
e EVES? .~0.W oF itimM bas « .& 
aye Jransrbs ‘bas nows® — te 16) 
' seuciamod Lefst2- -{stnomnotivas 
gDSABS ROL remo lal sv “Ev ak ins 
aco le 0 Pic isie2 gaet a te te} 
4 oT r gupt ndasoed) 400° 
a: 
Ys Os SHGALLOS t?f£id arta aa ‘* 
jau0M ahseedoeM sd) at l amortas 1H 32 
oaes0se : nebeo her 
ssays 2nams 4< o412 
+t _Tousno>D bos ateyiasa 
‘ abo) shes .fenotish i 
19008" isizvede ,.4s4 
; ese37at 2615 
« 1a! _ am a 7 Oc} fe . 
aq. 48%. .i0V_ ,m987 | tirssust 
‘ we aorselenssT) . 265-083 (32 —8bS 
UU og@6269 (snotieX dojsemW ,@70ne0 
sou~— a4 i¥ a faa7o8 oman tusks 
ba A a#t 5 as ‘= @ 4 @& ta 


rom. geri? edt 101 emi 
snoitqusa O8e! adT 
> » UM fi S av 4 ,neé my tak 
aris [ sNoOrazaic3gT’4 ue 
: -. 
Sta: ~Gwh BESE: y es ne shLd 


ae on 


dis) 


1981. Catastrophic rockslide avalanche of May 18. IN 


The 1980 Eruptions of Mount St. Helens, Washington. 
Lipman, P.W. and Mullineaux, D.R., editors, U.S.G.S. 
Professional Paper 1250, pp. 347-377. 


1982. Frictional heat and strength 


Vorght, B. and Faust, C. 
Geotechnique, Vol. 32, 


loss in some rapid landslides. 
Now I5 7 pp. 243—54., 
Wheeler, J.O. 1953. A Geological Reconnaissance of the 


Northern Selwyn Mountains Region, Yukon and Northwest 
Territories, Geological Survey of Canada, Paper 53-7, 


42 p. 


ie . 
20 8d” 
dAjpneize Bre. ieet: Lanois ; 

St .£0¥ ,supindsetoss — 


st ke 
y oo 
eff to sonseatennooaA ryt | 


teewds10% Sag nodu¥Y ,foipen efiisint 
-88 teqed a ie yovine Lapipoios 


APPENDIX A . 


NOZZLE ROCK AVALANCHE 


A.1 General 

The Nozzle rock avalanche is located at coordinates 
131°58'W and 65°02'N within the Arctic Red Cluster of 
avalanches. The failure originated on a bedding plane slope 
in a V-shaped valley which extends off an unnamed tributary 
of the Arctic Red River. Most of the failed mass is found 
below the rupture surface, although rock debris is spread 
over a distance of 5 km down the narrow valley and into the 
major valley where it has fanned out in a distinctive jet or 
nozzle-like fashion (see Figure A.1). 

The local elevation in the vicinity of this avalanche 
ranges from about 800 m in the valley bottoms to 2100 m for 
some nearby peaks. Most of the terrain is gently sloping on 
the well vegetated valley sides, but changes to moderately 
steep, exposed slopes as one moves out of the wide valley 
bottom. The regional structural style gives this area a 
distinctive topographic pattern related to 
northwest-southeast striking, moderately dipping, carbonate 
Strata. 

Drainage in the tributary valley is accomplished by a 
Single stream with two main branches. A deep channel up to 
20 m in depth has been incised through the avalanche debris 
and the stream alluvium. Water flow is quite variable, 


subject to seasonal variations and the occasional intense 
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A.1 Map of Nozzle rock avalanche. 
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rain storms capable of generating minor floods and debris 


torrents. 


A.2 Stratigraphy 

The region located south of the Grand Forks of the 
Arctic Red River is underlain by Helikian to Devonian age 
rocks thrust over younger Paleozoic rocks by the Neptunist 
Fault (Aitken et al., 1982). Within the vicinity of the 
Nozzle avalanche there are two formations which were 
Originally deposited in the Selwyn Basin to the west. The 
Sekwi Formation (€sk) which hosts most of the original rock 
mass involved in the avalanche, is of Cambrian age, and the” 
Road River Formation (€Dr), with a sub-unit of mappable 
debris flows (€Drc), is of Cambrian to Devonian age. The 
following description of these rock units and the structural 
geology was obtained from the recent publication on the 
Upper Ramparts River (106G) and the San Sault Rapids (106H) 
map areas by Aitken et a]. (1982) and from field 
observations by the writer. 

The Sekwi Formation (€sk) is a marine platform unit 
comprised of limestone, dolomite, minor shale and quartzite. 
It overlies the Backbone Ranges Formation and is 
unconformably overlain by the Road River Formation. No 
complete stratigraphic section has been measured although 
estimates place the total thickness near 1000 m. In this 
region limestone is more common than dolomite which acquires 


a more distinctive orange and yellow weathering colour. The 
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limestone varies from thin to thickly bedded, nodular 
calclutites, commonly argillaceous and silty, to skeletal 
and non-skeletal calcarenites. Oolite beds are common and 
mudcracks, ripple marks and fossils were infrequently noted. 
The grey to orange and yellow weathering dolomite is 
commonly microcrystalline. In some areas near the rupture 
surface the dolomite is black, fine-grained, often 
crystalline with some oncolites. Aitken et a]. (1982) 
report the presence of mudrocks, up to 30 m thick; in®the 
section, although these were not revealed in the short 
reconnaissance of the failure slope area. These grey to 
brown, and occasionally red to reddish brown weathering 
calcareous argillites contribute to the well bedded aspect 
of the formation as observed on air photos. Quartzite, 
Sandstone and chert beds are rare within this eeauenee but 
are not unknown. 

The Road River Formation (€Dr) of mid-Cambrian to early 
Devonian age is a thick, dark unit of recessive, shaly rocks 
overlain by Devonian carbonates. Within this area a major 
portion of the formation is grey, laminated, fissile shale. 
The lowermost beds in the section are limestone, very finely 
crystalline dolomite, and conglomerate, with minor chert and 
occasional fossils. The conglomerate is a conspicuous unit 
with coarse rounded dolomite clasts set in a fine-grained 
dGolomitic matrix. Aitken et a]. (1982) have interpreted 
these sediments, some of which are up to tens of metres 


thick, as debris flows or slides. A stratigraphic section 
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for the formation has not been measured in this vicinity, 
although his estimates place the total thickness between 


PomOsiand FPS20:m.: 


A.3 Structural Geology 

The study area comprises a portion of a large thrust 
block with several splays in the hanging wall of the Plateau 
Fault. This block becomes increasingly broken by splays 
parallel to the Plateau Fault as one moves towards the 
northwestern boundary of the Mackenzie Mountains. 
Dislocation along thrust faults has taken place typically 
through Helikian gypsum or shale units. This structural 
pattern is thought to be of Laramide age and is similar to 
subthrust imbricate zones in the southern Rocky Mountains as 
described by Dahlstrom (1970). Flexural slip surfaces 
associated with folding or thrusting would also be expected 
within ithi siwblockrofiistrata:. 

No major folds occur within the Plateau Sheet,but some 
flexures and small drag folds associated with splays from 
faults are present. At least two folds, possibly associated 
with thrust faults, were noted in the valley side opposite 
the Nozzle rupture surface (see Figure A.1). They are of 
little consequence to the structure in the immediate 
vicinity of the failure. A major fault of unknown 
displacement, striking in a north-northeasterly direction 
was shown by Aitken et a]. (1982) to intersect the valley 


and traverse the east side of the bedding plane ridge 
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exposed to the west of the rupture surface. Examination of 
this feature on air photos and in the field reveals a 
complex set of small displacements offsetting the Road River 
Fm. and Sewki Fm. strata. It is possible that this fault 
could be one of the set of rejuvenated older faults of 
pre-Rapitan age mapped by Aitken et a]. (1982) 
approximately 40 km to the northeast. Most of these older 
faults are oriented in a northwesterly direction. 

A preliminary survey of minor structural features in 
the map area reveals that most of the minor faults are 
oriented in a northwest to northeast direction and dip 
steeply at 60° to 80° to the east. Minor fold axes trend 
predominantly west-northwesterly to east-southeasterly and 
plunge at less than 5°, although a number of fold axial 
planes, possibly associated with the above described 
north-northeasterly trending fault, trend in a southerly 


direction and have axes that plunge at 10° to 30°. 


A.4 Surficial Geology 

The surficial geology and glacial history of the 
northern Mackenzie Mountains have not been investigated in 
detail by the Geological Survey of Canada. Some comments on 
the Pleistocene sediments have been made by Aitken et al. 
(1982) and Rutter et a]. (1973) for map sheets to the 
north, but the exact extent and date of the last glacial 


episode in the Arctic Red River area remain largely unknown. 
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In Figure A.1 the major surficial deposits in the 
vicinity of the Nozzle rock avalanche are shown. The 
following description of these materials was derived mainly 
from air photo interpretation and field observations by the 
writer. A description of the rock avalanche debris is 
contailmeds inisSectii one 2:3 .(5) 

Exposures of glacial till are relatively rare within 
the study area. Only at a few isolated sections where the 
stream has cut through the rock avalanche debris and at two 
localities in the main valley were morainal materials 
observed. Most of the highland areas are sufficiently 
covered by colluvium or alluvium to mask the presence of 
till. It is most probable, however, that only a thin cover 
of till is present within the tributary valley. Air photo 
interpretation would suggest that thicker accumulations of 
morainal materials are present in the main valley north and. 
south of the study area. 

Alluvial deposits (stream or fan sediments) are most 
common in this mountainous terrain. Large alluvial fans 
with intermittent debris flow channels are present both 
above and below the rupture surface and in the "ramp" area. 
These sediments are usually coarse, moderately sorted 
cobbles and gravel with occasional sand or silt lenses. 
Active fluvial and mass wasting processes have buried a 
portion of the rock avalanche debris in Eisbacher's "zone of 
rarefaction" or that part of the valley below the ramp where 


there appears to be very little avalanche debris. 
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Similarly, there are alluvial sediments overlying rock 
debris along the length of the narrow tributary valley 
before the main valley is reached. It is highly probable 
that the occasional damming of this stream by trees and 
other debris carried by high water during spring runoff 
could have given rise to the complicated stratigraphy 
observed in the narrow confines of its channel. 

The spreading of the avalanche debris across the river 
valley thas*altered the drainage course! of::the’ main stream 
where it enters the valley. Alluvial sediments which 
previously were deposited in a wide fan now accumulate to 
the south of the fan area. The unnamed river in the main 
valley, a tributary of the Arctic Red River, iS occupied by 
a maze of branching channels between coarse gravel and 
cobble bars and islands. This pattern is 
uncharacteristically broken only where the avalanche debris 
has blocked the river. Finer grained sediments, possibly 
incorporated into the debris, partially cover the coarser 
rock debris at the distal end of the fan. Depressions in 
this area have had sufficient peat accumulation to maintain 
an elevated water level, giving the area a boggy aspect. 

Most of the sloping terrain in the map area is covered 
by a thick accumulation of colluvium consisting of 
cryoturbated soil and weathered rock. Such features as 
patterned ground, stone stripes, solifluction lobes, and 
felsenmeere are characteristic of this high alpine, 


permafrost environment. Active talus cones are present 


yaPiav 
eldsderg vidpin we dnos 
5n8 assis yd meetta ‘elds Re. — 


‘¢ 


tienut priig2 poiwb astsw Hebe va 


os 
oa x 


viqeipiteiza betepilqmos eft oF eee: 


.. 
.fennsdo e@2t do esafines (OTISM 4 
ie fae 


iy: tte 
: i : 
» 5 


a 


197i eft ezorne efideb edoneleve eft tos 


¢ 


asai2a oiem ers 20 sarge epaaistS saa Go 

doidw atnamibes Iistvulia-. .yat lev sae mg 
x : 7 as - 

ot sjsiumucos won osi-sbiw s ab betigegss sien 


D . we 
i 


t25a en2? ai 


of 


rte 


eviz Bemenny. at? ,5e%s 182 eat ao 
yi Selquose af ,.yevilt bes ciso vA of2 to yissedias *. Ph 
bia Lovetp sa@is0o osevied Slernsds gnidonsid 2 


ai nieitteq eld? .ebasiet® Gre sredus 


Pr sia 


— 


eludeh srfonsisvs edz eiedv. yiao. netowd yideokoe. sto 
yidieeeg ,einsmibee benisip reKtt ..sevesens 89450. 
Isetsoo. sit r8eveo vilsitisq ,eisdeh sdf odnl oe 
nf enoleaeaqet! .ns2 efi do Sane L[eretS eds te abadel 
tininisn oc noiislumsaas tseq tnstotliva: Set ewer - 
-ioages yopod « seis sdZ entvig ,favel 1atew bass sve 


Heievcs al e938 gam eds at niszis? pniqets of to 4 


‘ai i 


. 
py =) 


io piutcelzdos meivulfos to Pe a 
| ia 
28 esiujsei dow? .Aser Ss1edtesw bas Lioe Bede ae 


bas ,eedofl agitoultiloe \.esqitte enoze ono ® ) 


,aniqla dota: ate. to sisalissosred 976 * ea me 


a 
We iy € 


3ns221g 938 2enos suis? serscA  .dasmhe 


224 


along the north facing slopes of the ridge opposite the 
rupture surface. Striking examples of protalus ramparts 
exist at the base of the talus slopes within the distinct 
cirque feature shown in the lower part of the map 

(Pagure AX 2:1) 

No attempt was made to unravel the glacial chronology 
in this area, although it is reasonable to suggest, based on 
previous work (Hughes, 1972), that this area has probably 
experienced several episodes of glacial activity. Abundant 
evidence, such as the cirques, the nearby steep arete-like 
ridges and the presence of till confirm this, but other more 
supporting stratigraphic observations, glacier trimlines or 
datable material were not observed, nor See during 
field investigations. Without more detailed mapping and 
comparison with similar terrains the accurate determination 
of the conditions prior to the rock avalanche are not likely 
to be convincingly resolved. It is deemed unlikely, 
however, that the avalanche could have initially occurred 
onto a glacier simply because of the incompatability of this 
postulate with the observed stratigraphic relationships and 
the lack of certain features which would be expected for. 
such conditions (e.g. kettle-like depressions in the debris 


or the mixing of avalanche debris and glacial sediments). 
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A.5 Detachment Zone 

The rock mass involved in the failure was a wedge 
Shaped block, somewhat thicker in the west, which moved down 
a composite bedding plane surface with an approximate 
average dip of 27°. The inclination of this rupture surface 
appears to lessen by a few degrees near the base of the 
Slope which lies in a distinct trough separating it from the 
main accumulation of the debris. This thick pile of debris 
has a particularly congruent aspect, especially the vicinity 
immediately adjacent to the rupture surface; large blocks of 
Strata with attitudes only slightly rotated from their 
Original positfon in the pre-failed slope face the trough 
area. Most of the debris has remained in this large pile-up 
feature, and the more mobile portion of the avalanche 
changed directions by 90° and streamed some 5 km down the 
narrow valley (see longitudinal profile, Figure A.2). 

Bedding in the rupture surface is only exposed ina few 
localities where streams have incised gullies through a 
mantle of weathered rock and colluvium. To the west of this 
dip surface is a vertical cliff of close to 200 m height 
which forms the flank of ‘the original rock mass (see Figure 
A.4a). A large accumulation of talus obscures the bottom 
portion of this wall. Carbonate rocks of both the Sekwi and 
Road River Formations are exposed in this area (Aiken et 
al., 1982),but it was not possible to locate either the 
surface of the unconformity or the rupture surface in this 


vicinity during field investigations because of poor or 
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inaccessible exposure. 

Most of the rupture surface is relatively free of great 
accumulations of debris except for a small area halfway down 
the surface below the crown of the slide. Seepage was noted 
on the surface in a number of localities. However, it was 
not possible to ascertain whether this was a temporary 
phenomenon associated with recent rainfall or if it was of a 
more permanent nature. 

To the east of the rupture surface is a steep ridge 
which drops steeply to the valley below. Orange 
weathering rocks of the Sekwi Formation with an almost 
cavernous appearance, possibly due to karst and or intense 
deformation associated with a nearby fault, give this area a 
rather unstable looking appearance. 

Eisbacher (1979) estimated the volume of the rock mass 
involved as 50 x 10° m* , but a reconstruction of the 
Original geometry, based on 1:50,000 scale topographic maps, 
places the volume at approximately 75 x 10% m*®. A rough 
estimate of the volume of debris, from a number of thickness 
estimates is 79 x 10° m*® (+15%). Both these estimates must 
be viewed as speculative given the number of uncertainties 
in the initial geometry and the degree of material 
entrainment. 

Figure A.3 is an equal area projection of the joint 
fabric from the base of the steep cliff area adjacent to the 
rupture surface. Since the fabric appeared uniform no 


attempt was made to define separate structural domains. 
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POLE TO 
@® MEAN BEDDING 


Figure A.3 Equal area projection of joint fabric near Nozzle 
rupture surface. Frequency contours in percent 
per 1% area. 
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While the number of measurements shown on this contoured 
plot is slightly less than the number of altitudes deemed 
necessary for statistical purposes (Stauffer, 1966) the plot 
is useful for displaying the general joint pattern. A mean 
bedding orientation, as determined for 10 measurements from 
this area is also shown. Note that the mean dip of the 
bedding in this area is 22°, some 5° less than the attitude 
of the rupture surface to the east. This is probably a 
reflection of a change in the bedding attitudes at depth 
within the side of the mountain. 

There are two well-defined joint sets shown on the 
diagram. A more dominant set is very steeply dipping 
(30>-9079 ana oriented almost due north, parallel to the 
Steep cliff. The second, less conspicuous set strikes to 
the west and dips steeply to the north. The two sets are 
approximately perpendicular to each other and the bedding. 
A small cluster of poles to joints lies very close to the 
pole to the mean bedding plane. This could represent a 
group of joints oriented parallel or subparallel to the 
bedding which were opened with displacements associated with 
the main failure. Other variations from the mean trends 
might represent the influences of nearby folds and faulted 
Strata. 

The joint spacing within the area surveyed for the 
fabric study was found to vary over certain Sections. 
Within the more competent dolomite, the spacing varied from 


0.2 m to 0.5 m on average, but there were local areas with 
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more intense (0.05 m to 0.3 m) spacing. Some of the more 
argillaceous dolomite and limestone had a flaggy aspect with 
bedding plane partings at 2 to 5 cm intervals. The 
observations made in this area do not necessarily represent 
the true in-situ fracture density, however. A secondary set 
of discontinuities associated with the large displacements 
which occurred during the main failure have superposed a 


bias on the sample of measurements. 


A.6 Rock Debris Description 


Ramp Area 

As shown in Figure A.1 a large portion of the initial 
rock mass has come to rest in the area above the "ramp", 
feature described by Eisbacher (1979). This accumulation of 
semi-congruent debris, which varies in estimated thickness 
from 75 m to 125 m, contains close to two-thirds of the 
total volume of rock involved in the avalanche. The surface 
of this feature is quite undulatory with a shallow grass 
covered depression in the centre surrounded by isolated 
hills mainly composed of large boulders. The thickest part 
of the accumulation is in the northwest corner where the 
bedding plane surface has deflected a greater portion of the 
rock mass. A Shallow lake and a thick accumulation of 
alluvium has been trapped in front of a steep 25° slope on 
the west side of the debris pile. On the opposite side of 


the debris pile, the surface slopes gradually to the east 
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and then drops abruptly on a 30° slope before levelling out 
in the valley on about a 15° slope. The total elevation 
loss from the top of the debris pile to the flat alluvium 
below is slightly over 300 m. 

A shallow gully, draining the trough area north of the 
debris pile, cuts along the east edge of the slope exposing 
bedrock. Eisbacher (1979) has suggested that the arcuate 
shaped Scarp at the front of the ramp may have resulted from 
a Slope failure, subsequent to the main failure, which 
catapulted debris in a second phase down the length of the 
valley. There was no field evidence to substantiate this 


style of movement. 


Rarefact ion Zone 

At the base of this slope the debris was constricted by 
the valley sides. Only a few large isolated, partially 
buried boulders are present in this vicinity; active mass 
wasting from the steep north slope has covered some portion 
of the avalanche debris with alluvium and rock fall (see 
Figure A.4b). For a distance of about 1 km from the base of 
PNG mero mp mw tO the first deep accumulation of debris there is 
an area which appears almost devoid of debris. Eisbacher 
(1979) termed this area a "zone of rarefaction", presumably 
denoting an apparent change in travel character or velocity. 
While it is likely that some portion of the debris has been 
buried in this area it 1S, nonetheless, a distinct region 


with considerably less debris than portions of the avalanche 
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Figure A.4 (a) Rupture surface at Nozzle, dipping at about 
27> (6) "Nozzle "ramp" and. “rarefaction” zones: {(c) 
Nozzle fan area. 
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above or below this point. 


Spray Area 

Directly south of this "rarefaction zone" is another 
feature with possibly an analogous origin. A wide swath of 
debris including boulders with volumes up to 1500 m?® lie 
perched at heights up to 100m above the valley bottom along 
the flanks of the north facing slope for a distance of about 
950 m. This "Spray" feature has also been reported at the 
Damocles slide (Eisbacher, 1979) and similar features, 
referred to as "Splash" or "Spatter" areas, have been noted 
elsewhere, e.g., Frank slide (Hungr, 1981). Because of the 
isolated position of many of these boulders and the scarcity 
of finer debris below their location, it is more likely that 
they have acquired their position as high velocity 
projectiles rather than as part of a wider "Spray"-like 

phenomenon. This distinction is rather arbitrary since such 

a "Spray" would undoubtedly be comprised of a group of 
projectiles and a finer groundmass. 

This hypothesis is further explored in section 4.3 (see 


alsourigures. 4. 34 t0e¢4. 6): 


Stream Val ley 
To the east of the zone of rarefaction and just below 

the point where an alluvial fan enters the valley from the 

north is a wave-like accumulation of rubble. The thicker 


portion of the debris has piled up on the north side of the 
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valley to a maximum thickness estimated from cross-sections 
at nearly 30 m. A minimum height of debris measured in this 
area where the creek cuts through the "wave" was 16 m. 
Directly southeast of this position the surface of the 
debris tapers off rapidly. Most of the debris accumulation 
has taken place on the north side of the stream. 

Numerous large boulders with volumes greater than 
3000 “m=? areerouns scattered throughout a scarcely vegetated 
cover of rubble. Some of these boulders are conspicuously 
grouped in close proximity to each other suggesting they may 
have acquired this position as part of a much larger block 
which disintegrated upon impact. Another interesting 
feature noted at two locations below the "wave" is a 
peculiar shadow effect on the lee side of some large 
boulders; an arc of fragmented rubble of meter size rocks 
has accumulated immediately down-valley of these boulders. 

Between the area below the "wave" and the start of the 
fan where the main valley is gained, debris has been 
channeled through a relatively confined valley. In some 
places stream-cut exposures of the avalanche debris are 
covered with alluvial sediments. Thickness measurements are 
further complicated by uncertainties in identifying the 
contact between avalanche debris and the underlying sediment 
and/or till. Widening and narrowing of the debris below the 
wave gives the impression of a pulsating flow of materials 


down the narrow channel. 
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Another revealing observation, most noticeable on air 
photographs, is the presence of a lighter toned margin some 
100 to 250 m wide lying mainly to the south of the stream 
and extending right from the "Spray" area to the apex of the 
fan. On the ground surface this region is conspicuously 
less prolific in vegetation. While there are a few 
scattered half-buried boulders with mean dimensions less 
than 0.5 m to be found in this area there does not appear to 
have been a thick accumulation of rubble covering these 
Slopes. This area possibly represents a zone of dust 
accumulation as has been reported elsewhere for rock 
avalanches, e.g., Lyell Glacier slide, (Gordon et al]., 1978) 


or the Elm rock avalanche (Heim, 1932). 


Fan Area 

Upon entering the main valley the debris stream has 
Spread out in a fan-shaped form with distinct regions 
Separatable on the basis of morphology (see Figure A.4c) 
Close to the apex of the fan iS an area with two circular 
shaped accumulations of debris resembling bevelled cones. 
Most of the debris streamed towards the centre of the fan 
roughly producing a succession of wave-like ridges of 8 to 
15 m height separated by shallow troughs or flat areas, now 
occupied by small ponds or bogs. These transverse ridges 
become less prominent to the south of the centre line 
through the fan and are truncated by a wide ridge oriented 


in an eaSt-west direction that extends a fair distance 
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towards the river. Viewed from the air the transverse 
ridges faintly define an open fold on the surface of the 
debris with an axial plane oriented parallel to the 
longitudinal ridge. 

North of the fold is another more pronounced 
longitudinal ridge but of shorter length. From this 
position the debris surface tapers gradually at less than 5° 
to the lateral margin of the fan. This region is 
occasionally punctuated by isolated boulders and very 
faintly defined wide conical mounds (less than 10 m 
diameter, height 2-4 m) which are arranged in an en echelon 
fashion. A lightly vegetated margin similar to that 
observed south of the stream valley, extends for some 100 m 
or more beyond the north edge of the bouldery rock debris. 

Towards the centre of the fan, beyond the wave-like 
ridges, the surface of the debris tapers towards the 
wetlands which occupy a large region right up to the river 
bank's edge. This area of stunted spruce trees and shallow 
wet depressions has the occasional partially buried boulder 
on its surface. A very irregular contact of a digitate 
outline separates this area from the rock debris proper to 
the west. 

The southern part of the fan is in abrupt contact with 
the alluvial sediments which have been deposited over and 
adjacent to the debris. This contact is marked by a 
distinct rim of nearly 5 m height that tapers to become 


indistinguishable towards the south-east. The better soil 


ie . 
‘ssrewece?s aed? 422 of 


313.30 ened te sda ie. B to? io 


[3 eft oF ae gdots noiges: eprsi os vauooe dotdw eb 
; per 


oe a J 
7 


“s 
4 


> a > 3 . 


snyenorwg 270m 

‘3 1 2pns6 

> #694 [iswbs re 

~ 7am 

t 

- ‘ 7 _ bas 
an _ 
sfuedd 7 2059 dti10n od3 ‘Bnoys a 


re 45) 4 23u'J22 it Ebr 72 6 SGoit8 pate» 


we f teonsh nsed ever dvide egas aibes tall 


5 =f I5Ee2N0>3 2rd? =! ide: ot ¢ od Ineo 


bed mt é- elneen 


i 
> 


lied siT .teseriewos gaa cornet aie deiupm 


2 ae 7 ed peel 
= 7 oe a 


ra EI 


and abundant water have given this area a more prolific tree 
growth. Only a couple of conical shaped mounds of less than 
10 m diameter and 3 m height were noted along the border of 
the rim. A great abundance of large boulders and smaller 
rubble are found immediately north of the rim and to the 


east right up to the river edge. 


Distal "Spatter" Zone 

The distal edge of the debris could not be accurately 
outlined from air photos nor field observations. While it 
appears that most of the debris terminates at the river 
edge, there were a number of isolated boulders, some 
partially buried, which could be seen on the opposite ide 
of the river valley. It might be possible that some of 
these have originated as rock falls from the adjacent 
mountain, but most probably they are part of the distal 
portion of the avalanche which may have travelled beyond the 
rock debris proper on or within a layer of saturated 
alluvium. The degree to which the avalanche "spatter" may 
have risen on the opposite slope could not be determined, 
but it is likely that a large volume of material was not 
involved since a fall-back ridge is not visible at the base 


of the slope. 


Stratigraphic Section 
Many excellent sections throughout the debris are 


exposed where the river has downcut its channel. It was not 
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possible, in examination of the river banks on the west side 
of the river, to detect a contact, either distinct or 
gradational, between the avalanche debris and the presumed 
underlying river alluvium. There was one exposure near the 
extreme southern tip of the fan on the opposite side of the 
river, which upon inspection by binoculars, appeared to show 
a contact between different materials, but this could not be 
confirmed. 

Figure A.5a is a typical exposure of the debris along 
the river edge. The light coloured, near vertical face is 
covered with a fine coating of silty sand which washes down 
from the top of the expoSUure. Figure A.6 is a detailed 
Stratigraphic section from a nearby location (see map, 
Figure A.1) showing the variations in texture through this 
8.5 m exposure. 

The lower portion of the section is 1.5 m of coarse, 
river alluvium which is overlain by 1.5 m of colluvium 
composed of mainly silty slope wash. The next 3 m exposure 
of the section is mainly silty, Sandy, grey and brown gravel 
with the occasional rusty brown sand lense. Only a faint 
stratification, not traceable for more than a meter, could 
be discerned. 

At the top of this part of the section a pattern of 
1 to 2 mm diameter bubbles can be seen in a loose, clayey, 
Silty, sandy gravel (see Figure A.5b). Bubbles are 
occasionally noted in alluvial deposits and may have one of 


several origins: intergranular openings between grains held 
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in place by dry clay; bubble cavities formed by air 
entrapment at the time of deposition; interlaminar openings 
in thin laminated sediments; buried but unfilled mud cracks; 
or voids left by the decay of entrapped vegetation (Bull, 
1964). It is possible that these bubble-rich sediments 
represent the basal part of the debris stream where a high 
proportion of river alluvium and or slope colluvium had been 
entrained. This air may have been trapped in bubbles during 
the rapid movement of the debris over the saturated river 
alluvium. Clay balls, also characteristic to alluvial fan 
sediments, were similarly observed in this part of the 
section. 

Overlying this material is 1.5 m of yellow brown to 
grey brown, clayey to gravelly sand with a more open 
structure and the occassional silty pod. A dark black band 
of dense, shaly silt forms a distinct, yet untraceable 
inclined marker above the sand. 

The next 4 m of the section is comprised of sandy to 
cobbly, subangular boulders which become progressively 
larger in diameter higher in the section. Similarly the 
matrix dominated structure becomes an open, loose framework 
at the top of the section. This inverse grading of the 
debris is often reported for rock avalanche deposits, e.g., 
the Frank slide (Hungr, 1981). However, the feature is not 
necessarily ubiquitous. An examination of the exposed 
portions of the east river bank revealed that inverse 


grading is not prevalent throughout the debris, and is only 
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af Soil Horizon 


_ Silty, sandy, cobbly BOULDERS, open loose framework, spheroidal 


weathering blocks, brown unsorted fines, angular to subangular 
cobbles and boulders 


10 


Gravelly, cobbly, silty BOULDERS, subrounded, brown to grey, unsorted 
fines 


Clayey, silty, SAND, clay balls, black silty band, subrounded clasts 


Silty, gravelly SAND, yellow to grey brown, non-plastic fines, unsorted, 
open structures, silt lenses, subangular clasts 


Clayey, silty, sandy GRAVEL, grey brown, loose,’ bubbles, poor compaction 
loose structure 


Silty, sandy GRAVEL, brown to grey, oxidized, subongular 


Silty clayey SAND, some fines, rusty brown, ochre stained 
Silty, sandy GRAVEL, light grey, subangular 


Silty, sandy GRAVEL, brown grey, cemented, clayballs, non-plastic fines 
subangular 


Colluvium - slope wash, silty, clayey sand and ey 
- unsorted, subangular 


Alluvium - bouldery, cobbly GRAVEL, rounded to subrounded, unsorted 


Figure A.6 Stratigraphic section exposed at undercut bank on 
river. 


~ 


os 
> 


i 


ag 4, Thar 


_ 


lobtorerkge datoremoat oaeel naga .250IN0d _lsdds .vbnoe Jaleo 
1Olijjedue a2 s20fupro ,aent? Ssfcoem pall) ge mn 7 cae 


atIOMW ,¥etg OF qwotd ,Geheue due , RMR Vehis vaddos Tlevew 
: zerkT 


sate 


edeola tabnvendve \brwod ytlis soold .stlod wis 2 tite “owed 


bariorny \eentt sidtoiqrnon werd yoo of woling WAZ uilavers oy Shite 
eteo%S wivorocue .soenel tlie esutfowpe mqo . 


milsniyes tanq ,teiddud* skool sword yor ,JSVASD ere ite Neyo 
swstourte seool 


volugrodu ,beribixe ,xa1g of mwoid \JGVASD vive yetie 


berntstr wrrise ,pwoid +fse1 lead? eae WAZ veyols rte 
tolugredue ,ysig figil ,.aVASD bes tL hz 


ron? oifenia-nont .¢lledynls Joetnemes .¥eog reed , EIVASD vbepe \ytfi2 
bose | 


leverg bes bree wiyols .ytlte teow sqole = miivylicd 
tmlygnodie .beftwers ~ 


er. 
aes 
ae? i, 
iF 


Pau 


vericenw .bebrvoidve ci betever .JSVARD viddes teblved - muivullA 


¢ 
f pd 


oe 
rif 
fe Aad - Aol 


; ae eo ‘: 7 ae 
insd tvstepau Js besoqas noijosa sidgsipigesde 
.tevia a 


O 


“toe 


te 


242 


restricted to certain areas. 

Detailed textural and lithologic analyses were not 
performed on samples from the debris. Hand lens examination 
would suggest that most of the clasts in the debris are 
angular to subangular, and only rarely subrounded. 

Striated, rounded clasts were not observed. Dolomite, 
limestone, and rarely quartzite are the dominant lithologies 
present. A small sample of clast orientations did not show 
a preferred fabric, but a larger sample might reveal a more 
characteristic trend. Additional studies of the above 


Mature are recommended. 


Debris Texture, Sort ing and Fabric 

From the few cross-sections through the debris exposed 
along the stream channel inverse grading was only faintly 
Geveloped, if at all. Nevertheless, a caSual examination of 
the surface of the debris in this area or across the fan 
would give one the impression of a much coarser boulder 
deposit with little or no fines. Such is not the case, as 
was shown in the exposures through the stream channel. 

To ascertain the range of boulder sizes which are 
present on the debris surface a sample area of 7678 m? near 
where the avalanche entered the main valley was examined 
(see location on Figure A.1). Boulders with a mean diameter 
greater than 1 m were meaSured within this area. Figure A.7 
is a plot of percent area coverage against the mean diameter 


for the 386 measurements. The percentage of area covered by 
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PERCENT BY AREA 
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Figure A.7 Plot of percent by area versus mean boulder 
diameter in a sample area of 7678 m?’. 


PERCENT BY VOLUME 


MEAN DIAMETER (m) 


Figure A.8 Plot of percent by volume versus the mean boulder 
diameter in a sample area of 7678 m?’. 
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each clast size was determined by assuming that the area for 
each boulder was equal to the square of its mean diameter. 
Discrepancies between the plan area and the area of boulders 
actually measured due to the undulatory nature of the 
surface and preferential boulder orientations were deemed to 
be insignificant for the level of accuracy sought in this 
exercise. The percent surface area is expressed as a 
portion of the total area Surveyed. The two size fractions 
less than 1.0 m were visually estimated as percentages of 
the total area coverage. 

Figure A.7 shows in a general fashion, the relatively 
small area actually covered by the large boulder sizes. The 
pronounced peo anae skew 1S indicative of the much greater 
surface area coverage by the size fractions with mean 
diameters less than 1m. The best visual estimate of the 
percentage of void area on the surface was 29%. 

To further investigate the boulder size distribution 
the "area-by-number" method, described by Kellerhals and 
Bray (1971) and later used by Hungr (1981), was applied to 
estimate the percentage by volume of each size fraction. 
This technique will yield results consistent with other 
methods such as conventional sieve analysis for percentage 
by weight (Hungr, 1981). The method is similar to the 
procedure used for the percentage-by-area approach described 
above; size categories are defined and a count of all 
particles of each category on the surface of the sample area 


is made. This percentage is then converted into 
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percentage-by-volume when multiplied by the geometric mean 
size of the particular category. 

As seen in Figure A.6 the percent-by-volume histogram 
shows a much different distribution than the percent-by-area 
approach. There is not a marked concentration of boulders 
within any one particular size fraction and the distribution 
is quite even over the range of mean boulder diameters. 
Because of the diameter cubed relationship the 
percent-by-volume method favours the larger size fractions, 
l.e., the highest percentage-by-volume size fraction was the 
10 m to 11 m size which was for one boulder. 

This initial inquiry into the boulder size distribution 
has only dealt with the surface of the avalanche debris in 
one small study area. The actual size distribution at depth 
within the debris and its spatial variation are undoubtedly | 
Quite different. The technique does merit further 
application, particularly as applied to the spatial size 
distribution of the surface debris. 

Field and air photo studies have not revealed a 
Systematic pattern of variation in boulder size throughout 
the length of the deposit; some of the largest boulders, 
greater than 3000 m*, are scattered along the travel path in 
the valley and right to the end of the fan. Curiously, one 
of the large boulders with a volume in excess of 5000 m® is 
located right at the distal end of the north edge of the 
fan, well beyond the rock debris proper. Typically such 


large boulders are cubic in shape, display a well developed 


mexpodaid diiphentenaie’ 
ssis-yd-tnasisg edd ica soksud? 2 
21sbLued to. moiststinessnes bette wie 
notzudiziaib-seds Soe notiaoew Ssie . 
.2igtemeth teilued nest 2o epnsT & 

9i3 gidanciisist Dadus> Fer 


anot?oe1? stt2a uwetel eA? eauovs2 bodsom 


_ 
.! hare 


aii ese noisos12 esia smulov-Yyd=spsineoted Zasteee. 


ri 


tshliued sie tof eswdokdw saia ae 


: ‘ - éo a 2 _— ® ‘ ‘ ae ee 
neériudixzsgeifb este xebived sant orKs yriupnt [ettink 


7 
: 


af-siidal efdonaisve add to esat tue sia aoee ee 


- 


izteth este iguios sat Geers: ybute ios 
yibsitcdvobnay sxe nokielyeyv Egsca eaxt Sas eixdsb od 
sec 37u3 sine gesoh supinrios? od? .ias34 
asia fg¢tdsace sit oc Betiqgs 26 yirsivoLstag wa eB: 
F 
,ebadeb ecstive ed? Po noes 


s belseve: fon svef esibude osoiq 128) Doe Slee 


juedpuotds ast2 tebinod ab qgordsriny 20 i — : 


ae iB 


eieifued Jesousl sft 29 emoe sifeogsh sad ‘jo x 


ijsq laveaxrt edt paols baredyeoe s25 ,*m 000€ nt da 


— 


sno ,yfeuoiie> .asi sda fe Boe |ea2 ot tipia Sis” 


a ae 


2i tm O002 Fo 2asoxe ni omufov 6 dsiv sssbived otal: 


~ 


ad? 2c eeGe dstien eft 20 Bas ister oni ie 


on 


doge yllisoiqy? . .teqosq etidsh seox eds baoyad'S 


bsqoleveb Llow s yalgeih vegeta nk aidéus = bil» 


eee 


or ae 


246 


fracture network, and ina few cases have broken into two or 
more separate blocks. Grooves, scratches or other signs of 
abrasion are not present, but may have been obscured by 
weathering. 

McSaveney (1978) has documented an interesting clast 
fabric in the debris at the Sherman Glacier rock avalanche; 
long axes ae parallel flow direction, and 
occasionally transverse fabric modes are present. An 
attempt to measure other long axes of boulders on the Nozzle 
debris surface proved less successful. A small sample of 28 
boulder attitudes near the "ramp" area wasS meaSured and 
plotted on an equal area stereonet, but no common 
Orientation was observed. This does not preclude the 
possibility that a significant orientation of boulders could 


be present within a different part of the debris. 


In summary, a number of morphological features have 
been described for the Nozzle rock avalanche. Many facets 
of the debris structure and their explanation remain 
unmentioned, however. Further work is recommended in more 
accurately defining the debris fabric and size distribution 


as they relate to the mode of movement. 
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APPENDIX B 


ROCKSLIDE PASS ROCK AVALANCHE 


B.1 General 

The Rockslide Pass rock avalanche is located on a 
tributary of the Natla River in the central Backbone Ranges 
of the Mackenzie Mountains at geographical coordinates 
127° 45'Wi and .63°265N: ‘This area 1S part of the Redstone 
Plateau which is characterized by flat to slightly dipping 
Strata and wide, U-shaped, glaciated valleys. Some 
mountains within this region rise to 2380 m. The main 
valley in the study area is at an elevation of nearly 
1300 m. The Rockslide Pass avalanche is very close to the 
drainage divide separating the Natla and North Redstone 
Rivers. 

This little-known rock avalanche involved an estimated 
volume of 370 x 10° m*®, making it probably the largest 
Single event landslide of its type within the Canadian 
Cordillera. As shown in Figure B.1, an entire mountainside 
bounded by two well-defined, almost perpendicular joint 
Surfaces, has collapsed and disintegrated, sending rock 
debris both up and down the wide glaciated valley. Most of 
the rock mass rests at the base of the rupture surface, but 
a Significant portion has travelled over 3 km beyond the 


edge of the ramp feature towards the south. 
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LEGEND SYMBOLS . 
Surficial Deposits aS Bedding 
Cc Colluvium - undifferentiated, thin deposits over till ——-—— Inferred geological boundary (Bedrock) 
or bedrock 
C/M Colluvium over moraine “~— Stream 
Ca Rock avalanche debris deposits, (Cas) thin debris, "spray" 
or "red rim" areas — Topographic ridges in debris 
Ct Talus 
F Fluvial/Alluvial deposits A\\\\\ Steep slopes 
FF Fluvial fan deposits 
Fs Stream alluvium deposits {IHIIN Breakaway scar 
L Lacustrine deposits - ponded lake sediments, silt and clay, 
some stream alluvium at surface oo Crevasse-like troughs 
M Glacial till- thin cover of colluyium 
Cw) Small lakes 
Bedrock 
7 Boulder survey points 
OSw Whitaker Fm - grey dolomite, light grey basal limestone 
Obs Broken Skull Fm - grey, buff and orange weathering dolomite 


and limestone; 1. basal silver grey sandstone and sandy 


dolomite overlain by orange weathering dolomite; 2. grey 
limestone and dolomite. 


Figure B.1 Map of the Rockslide Pass rock avalanche 
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B.2 Stratigraphy 

The area under study lies on the eastern side of the 
Redstone Plateau which is underlain by a relatively flat to 
gently dipping platform of Helikian through Devonian age 
Strata. Within the immediate area near the Rockslide Pass 
avalanche Gabrielese et a]. (1973) have distinguished three 
separate formations of Cambrian through Silurian age: the 
Rockslide Pass Formation (€r), the Broken Skull Formation 
(€Obs), which has been subdivided into several members, and 
the Whittaker Formation (OSw). The entirety of the original 
failure took place within the Cambrian to Ordovician age 
Broken Skull Formation. The following description of the 
Stratigraphy has been obtained from field work conducted by 
the writer and a more detailed stratigraphic section 
measured by Gabrielse et a/].(1973) on the same ridge some 
2¢5*kmoto»the east. 

According to the measured section by Gabrielse et 
al.(1973) the entirety of the greater than 600 m thickness 
of strata exposed in the main cliff face at the back of the 
rupture surface belongs to the upper member of the Broken 
Skull Formation. In the adjacent measured section about 
150 m of silvery grey weathering sandstones and sandy 
Golomites of the lower member are distinctly separated from 
the upper member. The basal part of this member is 
comprised of a 100 to 150 m sequence of orange-buff 
weathering dolomites. This distinctive strata is readily 


apparent in the lower portion of the exposed cliff and 
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throughout the distal portion of the avalanche debris. 
Overlying this unit is a sequence of carbonate strata, which 
are considered to be correlative with the upper Broken Skull 
Formation in the region. This part of the formation is not 
distinguished from the younger Ordovician Sunblood Formation 
because the basal beds of the latter, which are usually most 
distinctive elsewhere, have not been seen within this area 
(Gabrielse et al]., 1973). 

More than 400 m of the upper member of the Broken Skull 
Formation, probably including some of the Sunblood 
Formation, have been described in detail by Gabrielse et al. 
(1973, Part II, p. 32). The base of this member consists of 
medium to thinly bedded, dark grey to pale purple, orange 
weathering, fine grained dolomite occasionally laminated 
with silty, brown weathering dolomite. Higher within the 
section the strata are predominantly medium to thickly 
bedded, grey, crystalline limestone interbedded with silty 
to sandy, orange weathering dolomite which thins upwards. 
Sandy lenses, oolitic limestone, conglomerate, mudcracks, 
silty laminae and bioclastic limestone are occasionally 
found within this sequence. The strata exposed on the upper 
portion of the cliff have not been described in any measured 
section, although visual inspection suggests that it is 


comprised of similarly alternating limestone and dolomite. 
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B.3 Structural Geology 

The Rockslide Pass avalanche is located on the west 
Side of the Redstone Plateau, a gently dipping homocline. 
Faulting appears to be of little importance within this 
immediate area, although a number of minor faults, 
apparently with vertical displacement, have been mapped in 
the vicinity. A couple of north-northwesterly trending 
faults are found some 24 km south of the avalanche on the 
North Redstone River. The closest fault, oriented in an 
east-west direction, displaces Broken Skull (€0bs?) and 
Whittaker (OSw) Formation strata on the ridge located west 
of the distal tip of the avalanché debris. Folded strata 


were not observed within the map area. 


B.4 Surficial Geology 

The surficial geology in the vicinity of the Rockslide 
Pass rock avalanche has not been mapped to date as part of a 
regional scale investigation. Pertinent comments on the 
glacial history of the region east and south of Rockslide 
Pass may be found in Gabrielse et a].(1973). The major 
surficial geology units observed within the area are shown 
on the accompanying general map (Figure B.1). A more 
detailed description of the landslide debris is contained in 
Section 2.4.5. 

Till , presumably derived in more than one glacial 

episode can be seen within the area surrounding the 


Rockslide Pass avalanche. Two or possibly three glacial 
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trimlines were observed along the east side of the ridge 
opposite the main failure. Examination of the lowest of 
these trimlines revealed a grey, silty, gravel till, quite 
distinct from the typical brown, grey diamicton of angular 
to subangular clasts found within the gorge area where the 
stream has cut through the debris. Morainal ridges were 
also observed at the front of the three cirque basins 
opposite the rupture surface and along the flanks of the 
valley north-east of the avalanche. These features have a 
rather subdued morphology, and are occasionally covered by 
talus from adjacent steep slopes. At no location was 
moraine material observed to overlie or become mixed with 
the avalanche debris. Immediately south of the rupture 
surface is a wide valley leading to Rockslide Pass where 
glacial till has been deposnieed creating a relatively flat 
topography with gently sloping hills, and wide alluvial 
deposits. 

These alluvial sediments are typically coarse gravel 
and cobbles, which were probably deposited as part of a wide 
outwash plain immediately following the last glacial 
activity in this area. Within the avalanche debris is a 
wide "void" area occupied by a succession of finer alluvial 
sediments. Exposures along the banks of the present stream 
reveal a stratigraphy of layered sand, silt, and clay, 
occasionally burying angular boulders. Beneath the steep 
gorge cut by the stream through the debris is an area of 


abandoned channels and narrow ridges (less than 2 m height) 
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which are suggestive of there once having been a very 
rapidly flowing river below the gorge. These features are 
cut through coarse alluvial sediments, which overlie and are 
mixed with the avalanche debris, and are situated well above 
the present water course. The above evidence suggests that 
a large lake was once partially impounded by the avalanche 
debris and only after a period long enough to accumulate 
sufficient sediment, did the water manage to down cut a 
channel through the debris and underlying moraine. 

To the north, above the main debris accumulation, a 
Similar impoundment of drainage has resulted in the creation 
of a small lake with a comparable thickness of fine alluvial 
sediments. An amazing vortex-like funnel denotes the 
opening of the main underground channel through which a 
portion of the lake water drains to below the "ramp". The 
recently published 1:50,000 NTS map sheet for this region 
(95M/5) labels the area in front of the rupture surface 
adjacent to this feature as a "Sinkhole", presumably in 
explanation of the disappearance of the drainage course 
within the debris. 

Colluvium, mostly talus, is found along most of the 
steep sloping terrain on the sides of the valley. Active 
- talus cones, occaSionally covered with debris flow 
sediments, mark the limit of the debris along its western 
edge and occasionally are found to overlie the debris. 
Colluvial soils, largely till derived, are found along the 


south-facing slopes in a few localities. 
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Surficial permafrost features such as mud boils, 
patterned ground, and rarely solifluction lobes were noted 
within the map area. 

Undoubtedly this area has undergone more than one 
glaciation as evidenced by the position of various moraine 
features and the sculptured nature of the cirque basins and 
aretes above the valley. Permanent ice is still present 
within a number of isolated cirques south of the detachment 
areaand till’ to the northeast iseremarkably fresh-looking. 
However, without a more regional scale of investigation and 
a chronologic inquiry into the age of these features, the 
particulars of the most recent glaciation and the effects 
this might have had on inducing the original failure, remain 


largely speculative. 


B.5 Detachment Zone 

The detachment of the original rock mass from the front 
of the mountain face has left a remarkable scar defined by a 
Sharp, near-vertical cliff face trending 
north-northwesterly. The south flank of the failure surface 
is marked by a similar 100 to 300 mcliff face. A 
considerable thickness of talus blankets the lower parts of 
these cliffs (see Frontispiece and Figure B.2). 

The bedding surface which dips at 12° to 14° to the 
southwest is only exposed ina gully along the north side of 
the rupture surface area. Talus, rockfall, slide debris, 


and colluvium cover almost the entirety of the surface. A 
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wide trough feature, similar to that observed at the Nozzle 
avalanche detachment zone, separates the rupture surface and 
the "ramp". A deep depression is located in the extreme 
southern corner of the trough, adjacent to the thickest 
portion of the "ramp". 

The present exposure of the unfailed portion of the 
mountain and nearby rock slopes suggest that the 
pre-movement topography was likely as steep as the north 
Side of the mountain and possibly was defined by two slopes 
giving an approximately concave profile. Probably most of 
the mass moved as a large coherent block in a westerly 
direction and only upon the change in slope did the mass 
begin to disintegrate. No surface exposures of slickensides 
Or gouge marks were found on the rupture surface or on 
blocks within the debris. However, the presence of shaly 
interbeds, possibly pre-sheared, at the base of the block 
would not be impossible. 

Some seepage was noted on the northern edge of the 
rupture surface where the bedding surface is hidden by less 
than a metre of colluvium. It is highly probable that other 
sources of seepage are present along the bedding planes 
obscured by talus further to the south. 

Eisbacher (1979) claimed that the basal portion of the 
failure block was comprised of dolomite with numerous 
Siltstone beds. Upon closer inspection, it was noted that 
orange weathering Strata, largely dolomite, are found both 


beneath and above the rupture surface. A number of silty 
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and occasionally sandy, purple dolomite beds were noted in 
the southerly exposure of the prominent east-west ridge to 
the south of the detachment area, but it could not be 
determined how close these beds are to the rupture surface. 
The presence of orange to rusty weathering beds is not 
limited to the base of the block; numerous such beds were 
observed in the section exposed on the high cliff at the 
back of the rupture surface. 

Gabrielse et a].(1973) initially estimated the total 
volume of rock involved in the avalanche as some 500 x 10° 
m?, Eisbacher (1979) reiterated a similar estimate of 450 x 
10° m*®. It is not known whether these estimates are based 
on debris thickness nedecueneene Or on a reconstructed 
initial failure geometry. Using a series of cross-sections 
constructed with the aid of survey measurements and a NTS 
1:50,000 scale topographic map (95M/5), a re-evaluated 
volume of 370 x 10‘*m* was calculated. 

A secondary avalanche of a part of the ridge south of 
the breakaway zone shows an amazing resemblance to the 
larger primary avalanche (see Figure B.1 ). A block of less 
than 1 x 10* m* moved down a 16° to 17° dip slope and 
partially disintegrated sending a stream of rubble several 
hundred meters at right angles to the original direction of 
movement, on a slope of less than 10°. Photographs of this 
feature and a discussion of its significance to the dynamics 


of the larger failure are found in Chapter 3. 
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Almost the entirety of the original rock mass moved 
down the rupture surface and came to rest within the wide 
valley bottom. The mass closest to the breakaway surface 
has a semi-congruent or jigsaw puzzle aspect with many large 
disjointed blocks becoming progressively more disintegrated 
further from the trough area. Eisbacher (1979) has 
suggested that most of the "ramp" originated from the top of 
the cliff, but the distinctive orange weathering beds of the 
basal portion of the upper member of the Broken Skull 
Formation are found in scattered locations throughout, and 
within this area, as well as up-valley and towards the 
distal tip of the avalanche. Further discussion of this 
"ramp" feature follows in the next section. 

Detailed bedding and joint fabric measurements were 
made on the cliff beneath the north exposure of the rupture 
surface and on the south facing ridge above the small 
failure. Figure B.3 iS an equal area projection of the 
joint fabric from these two locations. A mean bedding 
orientation of 351/13 is also shown. No attempt was made to 
Separate the joint fabric into structural domains nor to 
evaluate the statistical significance of the concentrations 
shown. 

Inspection of the diagram reveals the presence of two 
joint sets broadly perpendicular to bedding. The east-west 
trending, near-vertical set of joints appear to be better 
developed. However, there also appears to be a slight 


separation of the concentration into two subgroups. This 
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Figure B.3 Equal area projection of joint fabric near 
Rockslide Pass rupture surface. Frequency 
contours in percent per 1% area. 
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separation was not due to variances in the fabric at the two 
locations where measurement were taken. The second, less 
well developed joint set roughly parallels the vertical 
cliff face, although a similar but less significant scatter 
in the concentration is also present. Additional 
measurements of discontinuity fabric would be necessary to 
determine the exact nature of these variances. 

Joint spacing was measured in two small, limited 
SurveyS within the above areas. In the more dominant grey, 
crystalline, limestone strata the general Spacing of joints 
was 0.8 to 1.0 m and bedding thicknesses ranged from 0.2 to 
1.2 m. The average block exposed in these outcrops was 
roughly rectangular with a maximum dimension aligned with 
the down dip direction. The spacing of the more prominent 
joints with a well developed gape was not evaluated. 
However, this information would be of considerable more use 


in a kinematic analysis. 
B.6 Rock Debris Description 


Ramp Area 

More than two-thirds of the failed rock mass has 
accumulated in a large "ramp" feature with a surface area of 
about 1.2 km? (see also Figure B.4a). The maximum thickness 
of this semi-congruent pile of debris is about 200 m near 
the trough area. Best estimates of the pre-failure valley 


geometry would place the average thickness near 175 m. The 
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front edge of the debris has risen some 250 m from the 
valley bottom up the slope opposite the breakaway scar, 
trapping a small lake. 

A most striking feature observed in the ramp is the 
preservation of the stratigraphic sequence. Large blocks, 
with volumes in excess of 30,000 m°, may be connected along 
Strike in several localities. This jigsaw puzzle effect is 
even more pronounced by the presence of orange weathering 
dolomite beds which are traceable for some distance ina few 
areas. The largest blocks, although mainly concealed by 
talus and surface debris, are exposed on the steep slope 
facing the trough, near the southern edge of the breakaway 
Surface. 

The surface topography is marked by a few, small 
diameter (<50 m) depressions between faintly defined ridges 
oriented parallel to the trough. A grass covered depression 
in the south-central part of the ramp contains a number of 
circular depressions of 10 m depth or less. The largest of 
these contains an intermittent pond which was seen to fill 
up to several meters height following a heavy rainfall. 
Within two days the water had almost completely drained to 
beneath the debris surface. 

In the up-valley portion of the ramp the topography 
tapers gradually down to the level of the small lake trapped 
in front of the debris. Some lithologic and textural 
separation of the debris is visible within this area below 


the highest part of the ramp. However, the jigsaw puzzle 
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effect is much less pronounced. A distinct rim of orange to 
Orange~brown weathering rocks mask the northern most distal 
edge of the debris. A noticeable reduction in boulder size 
is also apparent moving towards the northern extremity of 
the debris. 

The thickest part of the ramp is a wide promontory 
which extends south of the main accumulation. Steep 35° 
talus slopes mark the southern, arcuate shaped front of the 
ramp. The central portion of this frontal part is comprised 
of smaller sized debris and hence supports a more developed 


vegetative cover. 


Transverse and Longitudinal Ridges 

As shown on the map and the longitudinal profile 
(Figures B.1 and B.2, respectively), one of the most 
striking features of the Rockslide Pass avalanche is the 
presence of a conspicuous wave-like pattern of transverse 
ridges. Immediately below the ramp the first wide-crested 
"wave" spans the east side of the debris and is truncated by 
a faint depression in the centre of the debris. The second 
"wave" is again predominantly on the east side but extends 
about three-quarters of the way across the debris stream. 
The amplitudes of these "waves" range between 20 and 30 m. 
Neither "wave" is perfectly perpendicular to the direction 
of flow. A third "wave" with a shorter span exists 
immediately in front of the gorge area and is separated from 


the second wave by an approximately 25 m deep trough. 
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Whether these "waves" reflect the original surface 
topography (e.g., moraines) or are an expression of 
compressive forces within the debris sheet cannot be easily 
determined. It is highly unlikely, though, that all three 
"waves" are actually a buried succession of terminal 
moraines. 

Subtle lithologic and textural differences faintly 
define a longitudinal ridge and a wide groove to the west of 
the centrevorsthe debris stream. )eTne more coherent blocky 
nature of some of the limestone involved in the avalanche 
gives rise to a rather conspicuous boulder train appearance 
along these ridges when viewed from the front of the ramp. 
Similar textural and lithologic variations were noted by 
McSaveney (1978) for longitudinal and transverse ridges on 
the Sherman Glacier rock avalanche. 

Moving towards the west lateral margin of the debris 
the thickness of the debris thins and the average boulder 
size decreases. A pronounced ripple-like effect is produced 
by a series of east-west aligned, 1-2 m high, elongate 
hills, before the west lateral margin of the debris is 


reached. 


Void Area 

Situated about half-way down the length of the debris 
stream is an almost square-shaped depression which is nearly 
encircled by coarse, rock avalanche debris (see 


Figure B.4b). A number of partially buried boulders are 
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scattered around the periphery of this "void" area which has 
been infilled with fine alluvium. The present stream, which 
flows across the debris, cuts a wide are through this 
alluvium. However, there is evidence of abandoned, shallow 
channels on the surface elsewhere on the flat plain. The 
contact between the debris and the finer sediments is 
usually quite sharp. A distinct cluster of large boulders 
is found just inside the debris at the southern extremity of 
the area. 

It would appear that this void area originally was a 
wide depression, possibly filled with alluvial, 
glaciofluvial or glaciolacustrine sediments. The distal tip 
of the rock avalanche, upon encountering such material, 
perhaps acquired an enhanced mobility and hence the majority 
of the rock debris was eaeeiea serene the depression. The 
few boulders and the finer rubble left behind were 
subsequently buried by alluvial or lacustrine sediments 
produced when the natural stream drainage was impeded. 
Subsequently the stream course has incised its path across 
the alluvium and has downcut a channel through the gorge 


area. 


Gorge Area | 
Where the stream has downcut its channel beneath the 

flat, alluvial sediment accumulation there are excellent 

exposures of the avalanche debris with an uncertain amount 


of till and/or alluvium. This deduction was based on the 
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presence of a number of rounded to subrounded, gravel to 
cobble sized clasts which were located in a few exposures in 
the lower part of the gorge. Generally the gorge is between 
35 and 40 m deep with steeply sloping sides at about a 40° 
inclination. An obvious slump feature of surface dimensions 
220 x 60 m* was noted along the lower portion of the west 
Side of the gorge. 

A thick armour of coarse stream alluvium and a mantle 
of washed colluvium fill the bottom of the gorge, obscuring 
any exposures of the lower part of the debris. For the most 
part there 1s a problem distinguishing a distinct contact 
between the upper, extremely coarse, bouldery debris and the 
lower, finer, sandy, gravelly materials; the size 
distribution from the top of the section to the lowest 
exposure is uSually gradational. There is evidence of 
inverse grading throughout the gorge area,although it was 
not present in all exposures examined. In one locality on 
the west side of the gorge there was a peculiar imbricate. 
arrangement of large clasts in the upper part of the 
section, very much resembling the pattern of overlapping 
flat cobbles in a rapidly flowing stream. The area was not 
accessible for more detailed fabric measurements. 

On the east side of the gorge a number of large (>1 m?) 
boulders about 10 m below the top of the bank display an odd 
connectibility over a distance of about 3 m. This pattern 
was not observed elsewhere along the length of the bank 


exposure which consists mainly of unsorted, angular to 
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subangular, sand, gravel and cobbles. 

There were subtle colour differences noted within the 
exposure. The upper portion of the gorge was typically dark 
grey and grades into a grey brown with depth. There was 
not, however, firm textural evidence for separating a more 
moraine-like material from the overlying rock avalanche 
debris. In one locality on the west side near the top of 
the gorge a number of large angular boulders and cobbles 
were set in a fine-grained matrix of light brown silt, 
closely resembling rock flour. The abundance of fine 
material throughout the section is in contrast to the much 
coarser exposures of the debris in the ramp area. More 
detailed textural, lithologic and fabric studies would be 
needed to precisely delineate the degree of material 
entrainment and or rock debris comminution in this vicinity. 

In the area east of the gorge the topography is 
generally flat with one large (300 x 125 m?), north-south 
oriented depression. A faint series of arcuate parallel 
ridges define the eastern edge of this darker grey and 
brown, Slightly finer area of debris. A roughly 
semi-circular rim of large boulders outlines the outer edge 
of debris proper. Immediately south of the void area is a 
distinct cluster of large partially buried boulders ranging 
in size from approximately 2,500 to 22,000 m*. Some of 
these blocks have broken into several smaller blocks that 
lie» in close proximity to each other. In fact, it is 


possible that most of these boulders may have had a common 
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Origin. To prove such a hypothesis a detailed stratigraphic 
reconstruction would be necessary. 

Below the gorge area the stream branches and its 
floodplain widens. The thickness of the debris rapidly 
thins on the west side of the stream to probably less than a 
few metres. In some localities it appears to be virtually 
non-existent on the surface. For a distance of about 150 m 
in from the stream on the west side is a pattern of 
subparaiflelaridges and troughs (1-2 min height) covered or 
mixed with rounded coarse river alluvium. This pattern of 
channels most probably originated from a time when there was 
a much higher water level and the streamload was 
considerably greater - conditions which might have been 
expected when the debris which blocked the stream drainage 
in the void area was breached. 

An odd pattern of knolls and ridges mark the terminus 
of the grey to grey-brown coloured rock debris on the east 
Side of the stream. Orange to red weathering, silty 
dolomite and dolomitic siltstone become more prevalent in 


this vicinity below the gorge. 


Lateral Margins 

Along the west margin of the debris stream, from below 
the ramp and extending as far as the gorge area are a Series 
of parallel troughs and elongate hills of 1 to 2.5 m height 
with an average separation of 10 to 15 m (See Figure B.1) 


These ridges are oriented at between 55° and 60° to the 
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principle movement direction and bear a striking resemblance 
to the pattern of chevron crevasses seen on glaciers. Nye 
(1952) attributed the presence of such a pattern in ice to 
the existence of tensile stresses. Similar features were 
observed on the surface of the Sherman Glacier rock 
avalanche by McSaveney (1978). He has shown that the 
crevasse features do not correspond with the orientation of 
crevasses known to be on the surface of the glacier prior to 
the avalanche. 

The "red rim" as defined by the lateral margin of 
Orange weathering debris (Eisbacher, 1979) is not a 
continuous feature around the periphery of the avalanche 
deposit. There appear to be certain areas, e.g., south and 
east of the void area, where there is a greater 
concentration of such orange-coloured debris. Thicknesses 
are varied but appear to be between 1 and 3 m deep near the 
lateral margins. Block size is conspicuously smaller in 
these areas as well. In some cases the orange weathering 
debris would appear to be scattered thinly at some distance 


away from the thicker, more distinct grey-coloured debris. 


Distal "Red Rim" Area 

The area beneath the gorge, on both sides of the stream 
and extending as far as the distal tip of the debris is 
thinly covered by distinctive orange weathering debris. 
Eisbacher (1979) has referred to this distal "red rim" area 


as a spray feature, analogous to the similar features 
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observed at the Nozzle and Damocles avalanches. 

There would appear to be a marked thinning of the 
debris lobe as one moves up valley from the most extreme tip 
of debris. In some places the debris is quite thin or 
non-existent. On the east side of the stream a series of 
lobate accumulations along a wide ridge mark the furthest 
extent of the debris. West of the stream the debris extends 
another 300 mona relatively flat ground surface. A large 
lobate accumulation marks the distal end of the deposit, 
while thinner yet distinct patches of orange debris are 
found up valley from here. 

The surface of the distal area is covered by metre size 
or less, orange to light buovmcatneniie dolomite and silty 
dolomite. Sections through the debris exposed by the stream 
reveal about a 4 m thickness of coarse, angular to 
Subangular boulders which appear to grade to finer gravel 
and cobbles with depth. It was not possible here to 
visually distinguish the presence of morainal or alluvial 
materials within the debris, but their presence cannot be 
Guked owt: 

One of the most remarkable features observed in the 
avalanche was the presence of a connectable string of blocks 
at the very end of the deposit. As initially discovered by 
Fisbacher (1979), this less than 1 m thick dilated slab of 
laminated carbonate, originally of about 5 m length, is 
stretched over a distance of 11.5 m with minor lateral 


offsets. As shown in Figure B.4c the angular blocks are 
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connectable on the basis of a dark grey, crystalline marker 
bed located at the base of the cream-coloured limestone. 
Beneath this exposure there is no hint of a similar 
stratigraphic congruence, but up-valley from this location a 
number of connectable boulders of smaller dimensions are 
exposed in the stream cut. This unique feature is striking 
evidence to suggest, for at least this part of the 
avalanche, that turbulence was not prevalent through the 
entire thickness of the debris and most probably the dilated 


Slab of rock was essentially rafted along into its position. 


Debris Size, Sorting and Fabric 

The range and distribution of boulder sizes within the 
debris do not show a distinct pattern; with the exception of 
the distal and laterals"red rim" areas =the largest boulders 
appear to be scattered throughout the debris with only a 
Slightly greater concentration in the ramp area. Detailed 
percent-by-area studies were not done as part of this 
investigation. However, some general observations on the 
topic as obtained from air photos and field observations may 
be made. 

Beneath the ramp the distribution of large boulder 
sizes is concentrated on the east side of the debris stream. 
Some of the largest boulders with volumes in excess of 
20,000 m? are found in that region between the ramp and the 
second "wave" (see Figure B.4d). The largest measured 


boulder in the deposit, which is probably only about 60% 
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exposed, had dimensions 41 m x 32 m x 33 m, which would give 
a total volume in excess of 70,000 m*. Large shattered 
blocks and a well developed talus blanket on the flanks of 
this boulder would suggest that an even larger block of rock 
had originally arrived at this position. 

A cluster of some of the largest blocks is found 
opposite the void area closer to energie tan "red rim" part 
of the deposit. From this area onwards the maximum boulder 
Size diminishes, although a faint arc of larger size 
fractions defines the terminus of the debris proper on the 
east side of the gorge. A similar rim does not exist on the 
west side. Within the distal and lateral margins of the 
debris the mean boulder size is much reduced, probably as a 
function of the different lithology. 

A thorough examination of clast size and fabric was not 
conducted in this study, although a small sample of large 
boulders was measured for an initial evaluation of the 
fabric in the debris. Because of the almost cubic shape of 
the larger boulders it was found to be nearly impossible to 
determine an accurate major axis orientation. Initial 
examination of the surface debris suggests, at least in some 
areas, that the bedding attitudes may be preferentially 
oriented. This could be a direct result of the 
Stratigraphic congruence which appears to be maintained 
within parts of the debris. To further investigate this 
postulate the bedding attitudes in some 41 large boulders 


were measured. The stations where measurements were made 


evip, Sluowid 
Berets aii2 es on OF 

or . 
ataeka aad ne tednaid wit + Te | 


to tceld)-sepzet neve ne sadt 3 


Pat 
o 


at. 
‘ ¥ 
© 
of 


.notzieeg al te Bat - 


or 


briuot af etoold seapasl edd. 3: 

jieqg "mix bex® iajei& sa? 02, t980f3 89 
“sSlued mumktxsm ed3 252s"n0. 6936 wikia: mor’ 
sste rse16el je ote Jatet.-« sciodta 

od? no t9eqo1q efideb efd 30 avakeneiqemae ts 
ao geixs ton 2906 mia seliaia A “> >epi0p ott 
sit Yo eniptam Isists, Dae latets ong nidsiw 


onl 
28 vidsedowg ,besuber doum af esta asbided, 


.ypolodsit gngze2t iG ona: Xe 
is 


a vet 
02a 2sw aisde? bne este seals te noi sen imax: coun d3 


Ce 


lism2 6 dovuodsis ~ybude shag ae Bee 
oft 20 noiseuleve Istsint ne, 103 soxuanea. oat 2" 


+o sasse sidus geoals efi to eseusoed  ,2radsie od? 


ey 


o4 sidiseoani yixaen sd od Saved gav 2% s1ehlued Isp75 


iy 


teizin _aoisgegneixzo alas wets 92874998) 0e 
suee ni tassel js ,etespoue eizdsS sosiiue acid 30 6 
yilaiitnezeisiq sd yaa esbudigss gaiited sda 

sii to tiusez.doe2ib es ed Sivues eid?) .B 
sgniginisa ad of.etseqqs doide SO 


2tf¢ sdeplisesvat zengte2 of «witdsb add. Io J1Bq 
ae ae 
ae 


sihem o1s6 inameiuvessm S198d¥ 2ngi3s3@ edt 46 Wee 


ayebiuod episl. th emoe al sebusiaie A ade 


= : e 
: ) 


‘= 


ae * = j a | ses 
“ ay 


78 i 


are shown on the map of the avalanche (Figure B.1) 
Figure B.5 is an equal area plot of the poles to bedding for 
this random selection. The mean bedding plane orientation 
in the failure block (SO) is also shown for comparison. 
Only those boulders located within Station 1 or on the 
ramp can be seen to have a bedding fabric resembling the 
initial bedding plane attitude. For the most part ,the 
fabric within these large boulders is quite random. 
Futhermore, there does not appear to be a systematic change 
in bedding attitudes in boulders as one moves towards the 
distal end of the debris stream, although, the scatter in 
the cluster may increase slightly. The original postulate 
is therefore rejected, although this does not preclude the 
possibility of there being a preferred bedding attitude in 


clasts in one particular area. 
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Ficure B.5 Equal area plot of poles to bedding for scattered 
large boulders within the debris with numbered 
locations from Figure B.1. 
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APPENDIX ¢ 


VELOCITY PROFILES 


The following velocitiy profiles were determined using the 
entire travel paths as found from 1:50,000 scale topographic 
maps and survey meaSurements and assuming these rock 
avalanches were single events. Refer to Chapter 5 for a 


discussion of the limitations of Koerner's (1976) analysis. 
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